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ABSTRACT 


The  aim  of  the  research  reported  here  has  been  to  develop  a  frame - 
vrork  for  valuing  the  information  gained  from  groundwater  monitoring  at 
sanitary  landfills.    The  impetus  for  the  analysis  was  the  DEQE  proposed 
regulation  requiring  three  downgradient  monitoring  wells  at  all  sanitary 
landfills  in  the  state.    This  requirement  means  increasing  the  number  of 
downgradient  wells  for  most  landfills  in  the  state  --  most  presently 
have  two  such  wells.    A  Bayesian  decision  theoretic  approach  was  devel- 
oped to  assess  whether  the  addition  of  a  third  downgradient  well  was 
worth  more  than  it  cost. 

The  town  of  Amherst  already  has  three  downgradient  wells  and  was  se- 
lected as  a  case  study  to  determine  whether  its  third  monitoring  well  was 
economic.    The  results  suggest  that  this  third  well  is,  indeed,  worth  its 
cost.    Sensitivity  analyses  were  performed  to  detennine  whether  the  con- 
clusion remains  valid  for  communities  with  conditions  quite  different 
from  Amherst's.    These  results  are  tabulated  in  Section  4  of  this  bulle- 
tin. 
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THE  WORTH  OF  GROUNDWATER  MONITORING  AT  A 
SANITARY  LANDFILL:    A  CASE  STUDY 


Mary  Postle,  Cleve  Willis,  Daniel  Dudek, 
and  Loren  Lidsky 


1.  Introduction 

Massachusetts  relies  in  no  small  way  upon  its  groundwater  supplies 
to  satisfy  growing  demands  for  water.    Furthermore,  comfort  is  often 
taken  in  the  knowledge  that  groundwater  sources  exist  as  backup  supplies 
should  they  be  needed  in  the  future.    However,  leachate  contamination 
from  hazardous  or  sanitary  waste  disposal  sites  serves  as  a  major  threat 
to  these  vital  groundwater  aquifers.    Within  Massachusetts  alone,  there 
have  been  numerous  incidents  of  municipal  and  private  well  closures  caused 
by  landfill  leachate.    In  most  of  these  cases  of  groundwater  pollution, 
the  first  indication  of  a  problem  was  the  finding  of  contamination  in 
water  supply  wells. 

Contaminated  groundwater  is  exceedingly  difficult  and  expensive  to 
clean  up  (Jerome,  1983);  hence  the  most  expedient  approach  to  groundwater 
protection  is  to  prevent  contaminants  from  reaching  it  in  the  beginning. 
This  need  for  water  quality  control  criteria  for  sanitary  landfills  has 
been  recognized  by  state  and  federal  authorities.    The  Department  of  En- 
vironmental Quality  Engineering  (DEQE) ,  the  Massachusetts  agency  respon- 
sible for  regulation  of  sanitary  landfills,  has  drafted  a  set  of  pro- 
posed regulations  intended  to  prevent  or  reduce  the  extent  of  degrada- 
tion of  groundwater.    One  section  of  the  proposals  requires  a  minimum 
number  of  monitoring  wells  in  operation  at  a  landfill  site.    These  moni- 
toring wells  would  be  used  to  detect  leachate  contaminants  in  groundwater 
by  providing  a  means  of  recognizing  and  detemining  the  size  of  a  leach- 
ate plume  before  it  spreads  beyond  the  landfill  facility  boundary. 

Monitoring  wells  are  not  required  at  landfills  presently.    In  prac- 
tice, though,  most  have  one  upgradient  (in  the  direction  of  decreasing 
static  head)  well  and  tv;o  downgradient  wells  at  their  perimeters.  In 
the  realization  of  the  value  monitoring  information  may  have,  DEQE  has 
proposed  a  regulation  that  would  require  a  minimum  of  one  upgradient  and 
three  downgradient  wells.    For  the  requirement  of  an  additional  down- 
gradient  well  to  be  rational  from  an  economic  perspective,  the  expected 
worth  of  the  additional  information  on  water  quality  parameters  must  ex- 
ceed the  costs  associated  with  the  additional  well. 

The  natural  question  is  whether  the  benefits  of  the  additional  mon- 
itoring exceed  the  costs.    If  so,  would  even  more  stringent  regulations 
pass  the  test  of  economic  rationality?    To  quantify  the  costs  associated 
with  monitoring  systems  is  simple;  valuing  the  benefits  of  monitoring  is 
much  less  so.    The  present  purpose  is  to  apply  a  Bayesian  decision  theo- 
retic framework  to  the  Amherst,  Massachusetts  situation  in  order  to  esti- 
mate the  value  of  the  monitoring  information  available  from  the  third 
downgradient  well;  and  to  determine  the  theoretical  upper  limit  on  the 
value  of  a  perfect  monitoring  system. 

The  remainder  of  this  introductory  section  is  devoted  to:  describ- 
ing the  leachate  contamination  problem;  outlining  the  current  legisla- 
tion affecting  the  regulation  of  sanitary  landfills  in  Massachusetts; 
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describing  the  role  of  water  quality  monitoring  data;  and  articulating 
more  formally  the  objectives  of  this  research. 


1.1    iand(iU.l  LmckcutQ,.    Landfill  leachate  is  defined  as  "liquid  that 
has  percolated  through  or  drained  from  landfilled  solid  waste  and  which 
contains  soluble,  partially  soluble  or  miscible  substances  removed  from 
waste  material"  (DEQE,  1983,  p.  6).    The  process  by  which  leachates 
enter  groundwater  is  slow  and  dependent  on  the  type  of  system.  Ground- 
water occurs  in  two  forms  --as  confined  or  unconfined  aquifers.    An  un- 
confined  aquifer  is  a  body  of  water  that  occurs  in  a  geologic  formation 
that  is  fully  saturated  and  has  interaction  with  the  water  table.  An 
unconfined  aquifer  is  recharged  mainly  by  precipitation,  and  rises  and 
falls  with  changes  in  volume  of  stored  water.    A  confined  or  artesian 
aquifer,  however,  is  enclosed  within  a  consolidated  formation  of  low 
permeability,  such  as  limestone,  and  does  not  have  interaction  with  the 
water  table.    The  aquifer  is  completely  saturated  with  water  which  is 
under  pressure.    Recharge  to  confined  aquifers  occurs  in  one  or  more 
specific  areas,  but  the  water  level  in  the  aquifer  responds  mostly  to 
changes  in  artesian  pressure.    Generally,  groundwater  is  recharged  by 
precipitation  infiltrating  the  ground  and  moving  downward  until  it 
reaches  the  saturated  zone  or  water  table.    Hence,  as  precipitation 
falls  on  a  landfill  site  and  infiltrates  the  soil  cover,  the  liquid 
that  percolates  through  the  solid  waste  deposits  may  become  leachate. 

Once  leachate  has  reached  the  groundwater  system,  the  movement  of 
the  contaminant  will  be  in  the  same  direction  as  the  flow  of  water. 
The  flow  rate  of  water  within  an  aquifer  is  highly  variable,  but  typi- 
cally moves  less  than  two  feet  per  day  (EPA,  1977,  p.  13).    Some  of  the 
factors  controlling  the  flow  rate  of  water  within  an  aquifer  and  its 
ability  to  store  and  transmit  water  are  porosity,  permeability,  amount 
of  recharge,  and  hydraulic  gradient.    As  a  result  of  the  slow  flow  char- 
acteristic, leachate  will  move  slowly  over  time  in  a  well-defined  plume. 
The  movement  of  leachate  may  be  vertical  or  horizontal,  depending  on 
the  comparative  density  and  natural  flow  pattern  of  the  groundwater  in 
the  aquifer.    The  rate  of  movement  of  leachate  is  also  based  on  chemical 
interactions  with  aquifer  materials  and  changes  in  water  chemistry.  Con- 
taminant plumes  may  deviate  from  the  path  of  groundwater  flow  due  to  dif- 
ferences in  contaminant  densities.    A  plume  will  widen  and  thicken  as  it 
migrates,  and  some  contaminants  within  the  plume  may  move  faster  than 
others.    They  may  also  be  in  liquid  phases  that  are  different  from  that 
of  the  groundwater.    A  plume  may  be  composed  of  several  overlapping 
layers  that  vary  in  the  contaminants  comprising  them. 

The  characteristics  of  leachate  are  primarily  a  function  of  the 
types  of  waste,  amount  of  infiltrating  water,  and  pH.    High  concentra- 
tions of  heavy  metals,  other  inorganics,  organics  and  biological  con- 
taminants are  common  in  raw  leachate.    Table  1  presents  concentration 
ranges  for  various  physical  and  chemical  constituents  of  typical  leach- 
ate from  municipal  solid  waste.    The  constituents  that  migrate  the 
furthest  are  those  which  dissolve  readily  in  water  and  have  a  high  ion 
exchange  capacity,  or  which  are  less  dense  than  the  other  constituents 
or  the  water.    These  parameters  are  those  that  mostly  affect  the  aes- 
thetic qualities  of  groundwater  such  as  chloride,  sodium,  and  potassium. 
The  heavy  metals,  complex  organics  and  bacteria,  which  may  have  health 
implications,  tend  not  to  migrate  very  far  unless  there  is  a  highly  per- 
meable soil  or  free-channel  flow  as  in  fractured  bedrock.  Contaminant 
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attenuation  can  occur  naturally  with  time  and  distance  through  adsorp- 
tion, dispersion,  diffusion  or  natural  ion  exchange.    The  rate  of  at- 
tenuation or  reduction  is  a  function  of  the  types  of  contaminants  and 
the  hydrogeology  of  the  groundwater  system.    But,  it  may  take  decades 
to  remove  the  contaminants  from  the  water  through  these  natural  pro- 
cesses. 


Table  1 


Leachate  Characteristics  from  Municipal  Solid  Waste 


Components 

Median  Value 
(mg/ liter) 

Ranges  of  All  Values 
(mg/ liter) 

AT  Vfi  1  1  n  i  I'v 

3,050 

0-20,850 

Ri  Of  Hp'TTi'i      1    OYVCTPn  rlpTTiPiTirl 

5  700 

81-33  360 

Calcium 

'438 

60-7,200 

ChpTniraT   nwQPn  dpinand 

8,100 

40-89,520 

Copper 

0.5 

0-9.9 

Chloride 

700 

4.7-2,500 

Ha  Tflnfss 

2,750 

0-22,800 

Iron,  total 

94 

0-2,820 

Lead 

0.75 

<  0.1-2.0 

Magnesium 

230 

17-15,600 

Manganese 

0.22 

0.06-125 

Nitrogen 

218 

0-1,106 

Potassium 

371 

28-3,770 

Sodium 

767 

0-7,700 

Sulfate 

47 

1-1,558 

Total  dissolved  solids 

8,955 

584-44,900 

Total  suspended  solids 

220 

10-26,500 

Total  phosphate 

10.1 

0-130 

Zinc 

3.5 

0-370 

PH 

5.8 

3.7-8.5 

Environmental  Protection  Agency,  1977,  p.  148. 


1.2    lQ,QU>taZioyi.    As  previously  stated,  DEQE  has  proposed  a  set  of  regu- 
lations for  the  operation  of  sanitary  landfills  in  the  state  (DEQE,  1983). 
The  draft  proposals  address  a  number  of  issues  in  landfill  management 
such  as  the  siting  of  landfills,  standards  for  design  and  operation  of 
facilities,  and  monitoring  for  methane  gas  and  leachate  contamination. 
The  proposals  are,  at  this  point,  in  the  stage  of  revision  after  public 
review.    However,  the  intent  of  the  regulations  will  not  change  and  one 
of  the  main  objectives  is  to  protect  the  quality  of  groundwater  supplies. 
The  regulation  of  interest  to  this  study  would  require  that  all  sanitary 
landfills  in  the  state  have  a  minimum  number  of  monitoring  wells  at  their 
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perimeters.    The  requirement  is  one  upgradient  well  for  background  qual- 
ity information  and  three  downgradient  wells  for  detection  of  quality 
changes.    Currently,  no  monitoring  wells  are  required  by  law,  but 
roughly  90%  of  the  landfill  sites  have  wells  (Mockrzecky,  1983).  Most 
have  at  least  one  upgradient  well  and  two  downgradient  wells. 

The  operation  of  sanitary  landfills  is  regulated  on  both  the  state 
and  federal  level.    The  most  recent  legislation  affecting  landfills  is 
the  Resource  Conservation  and  Recovery  Act  of  1976  (RCRA) .    The  purpose 
of  RCRA  is  to  provide  a  set  of  regulations  for  dealing  with  the  manage- 
ment of  hazardous  and  solid  wastes.    The  Act  charges  the  Environmental 
Protection  Agency  (EPA)  with  designing  a  regulatory  system  for  managing 
both  hazardous  and  non-hazardous  wastes.    However,  the  legislative  in- 
tent concerning  non- hazardous  wastes  was  not  that  they  be  regulated  at 
the  federal  level,  but  that  states  be  assisted  in  improving  their  own 
regulatory  efforts.    Subchapter  IV  provided  state  solid  waste  agencies 
with  EPA  administered  grants  to  use  in  developing  a  management  plan. 
The  criterion  for  states  to  receive  a  grant  was  that  their  plan  follow 
a  set  of  guidelines  specified  by  EPA.    The  only  sanction  deriving  from 
non-compliance  with  the  EPA  guidelines  was  the  ineligibility  of  a  state 
to  receive  the  federal  planning  funds.    Although  the  grant  program  was 
discontinued  in  1980,  the  EPA  guidelines  are  still  useful  to  states 
framing  their  own  management  plans. 

In  the  EPA  guidelines,  section  256.22  (Title  40,  Code  of  Federal 
Regulations  (CFR))  addresses,  in  part,  the  question  of  groundwater  mon- 
itoring at  landfill  operations.    Subsection  (b)  states  that  "monitoring 
should  be  required  at  all  facilities,  specifically: 

(1)  Every  facility  should  be  evaluated  for  potential  adverse 
health  and  environmental  effects.    Based  on  this  evaluation, 
instrumentation,  sampling,  monitoring,  and  inspection  require- 
ments should  be  established; 

(2)  Every  facility  which  produces  leachate  in  quantities  and  con- 
centrations that  could  contaminate  groundwater  in  an  aquifer 
should  be  required  to  monitor  to  detect  and  predict  contami- 
nation." 

Under  the  criteria  for  solid  waste  disposal  practices,  maintenance 
of  groundwater  quality  is  required  (40  CFR  257.3-4).    The  criteria  state 
that  "a  facility  or  practice  shall  not  contaminate  an  underground  drink- 
ing source  beyond  the  solid  waste  boundary"  or  an  alternative  specified 
boundary.    Maximum  contaminant  levels  are  also  established  for  various 
inorganic  and  organic  chemicals,  microbes  and  radioactive  substances. 

In  an  effort  to  upgrade  the  present  state  regulations  so  as  to  be 
consistent  with  the  EPA  guidelines  and  criteria,  the  DEQE  drafted  the 
aforementioned  proposed  regulatory  changes  and  additions.    The  current 
regulations  (Chapter  111,  Section  150A) ,  enacted  in  1971,  specify  stand- 
ards for  the  design  and  operation  of  landfill  facilities  and  require 
DEQE  approval  of  operating  plans.    A  site  investigation  of  the  geologic 
characteristics  of  a  proposed  landfill  must  also  be  performed.    The  in- 
formation in  the  investigation  must  include  an  evaluation  of  the  influ- 
ence that  geologic  factors  would  have  on  the  potential  for  groundwater 
and  surface  water  pollution,  a  determination  of  the  maximum  and  normal 
groundwater  table  elevation  and  groundwater  flow  patterns,  and 
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evaluation  of  the  public  importance  of  the  groundwater  supply  to  be  af- 
fected by  the  operation  (310  CMR  19.02:3)..    Additionally,  in  the  selec- 
tion of  a  sanitary  landfill  site,  no  area  can  be  considered  which  does 
not  provide  for  the  protection  of  all  sources  of  private  and  public 
water  supplies  (310  CMR  19.02:4).    However,  the  current  regulations  do 
not  adequately  address  some  of  the  major  environmental  and  management 
concerns  of  landfill  use.    The  DEQE  proposals  update  the  current  law 
and  place  greater  emphasis  on  concerns  such  as  groundwater  quality  main- 
tenance . 

For  new  landfill  sites,  the  proposed  criteria  are  a  combination  of 
siting  location  studies  (as  now  required) ,  installation  of  suitable 
landfill  liners  to  control  leachates,  leachate  control  systems,  monitor- 
ing of  methane  gas  generation,  and  monitoring  of  groundwater.    The  re- 
quirements regarding  leachate  control  and  monitoring  are  two  important 
aspects  of  the  proposed  regulations.    Existing  landfill  facilities  must 
also  implement  leachate  control  measures  to  protect  groundwater.  How- 
ever, for  these  sites  control  is  much  harder. 

Because  many  of  the  existing  facilities  were  designed  and  constructed 
with  no  groundwater  protection  measures,  they  are  presently  generating  un- 
controlled leachate  which  in  some  cases  may  have  already  contaminated  the 
water.    At  some  of  the  sites  where  water  quality  is  threatened,  sophisti- 
cated and  expensive  leachate  control  technologies  will  have  to  be  used. 
Where  practical,  the  installation  of  liners  may  be  required.  However, 
in  most  cases  some  alternate  control  technology  will  be  needed.  Examples 
of  possible  actions  put  forth  by  DEQE  are: 

(1)  Diversion  of  surface  run-off  away  from  the  landfill  area  to 
reduce  infiltration  of  precipitation,  thereby  reducing  the 
generation  of  leachate; 

(2)  Diversion  and/or  collection  of  surface  leachate  breakouts  via 
dikes,  berms,  or  interceptor  trenches; 

(3)  Installation  of  well -points  or  conduit  systems  to  modify  the 
hydraulic  gradient  and  alter  the  velocity  and  direction  of 
leachate  migration; 

(4)  Installation  of  pumping  wells  to  recover  leachate  contaminated 
groundwater ; 

(5)  Installation  of  low  permeability  barriers  to  impede  leachate 
plume  migration; 

(6)  Capping  the  landfill  with  a  low  permeability  material  to  elim- 
inate or  reduce  the  infiltration  of  rain  or  snowmelt. 

For  most  sites,  the  solution  will  be  to  cap  the  landfill  with  an  imper- 
meable material  so  as  to  limit  the  amount  of  precipitation  that  can  in- 
filtrate the  refuse.    The  more  sophisticated  technologies  will  only  be 
required  by  DEQE  when  a  drinking  water  source  is  endangered. 

Even  with  the  implementation  of  leachate  control  measures,  the  pos- 
sibility of  groundwater  contamination  exists.    It  is  for  this  reason 
that  DEQE  proposes  to  require  monitoring  of  groundwater  quality  at  all 
facilities.    The  EPA  guidelines  allow  for  contamination  within  the 
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facility  boundaries,  but  the  DEQE  proposals  do  not.    No  degradation  of 
any  groundwater  resource  is  allowed  under  the  proposed  regulations.  Be- 
cause groundwater  systems  are  interconnected,  and  do  not  recognize  fa- 
cility boundaries,  the  DEQE  proposal  seems  more  sensible.    Also,  DEQE 
maintains  that  due  to  the  cost  and  difficulty  of  implementing  a  leachate 
control  teclinology,  the  prevention  of  any  degradation  of  groundwater  is 
desirable. 

The  type,  number,  and  location  of  wells  for  a  groundwater  monitor- 
ing system  will  be  determined  on  a  site-specific  basis.    However,  the 
regulations  require  that  a  minimum  of  four  monitoring  wells  be  operated 
at  each  facility  (DEQE,  1983,  p.  30).    One  of  these  wells  must  be  lo- 
cated hydraulically  upgradient  from  the  landfill  perimeter.    The  well  is 
to  be  designed  so  as  to  yield  groundwater  samples  that  are  (a)  represent- 
ative of  background  or  upgradient  water  quality  in  the  zone  of  saturation 
near  the  landfill  site,  and  (b)  not  affected  by  the  landfill  site.  Three 
wells  must  be  located  hydraulically  downgradient  from  the  landfill  perim- 
eter.   These  wells  are  to  be  designed  and  located  so  as  to  intercept  any 
leachate  that  may  be  generated  by  the  facility  and  that  may  be  migrating 
with  the  groundwater.    Because  the  four  well  requirement  is  a  minimum, 
DEQE  would  have  the  option  of  requiring  more  wells  if  the  complexity  of 
the  hydrogeology  of  the  site  demanded  it. 

The  groundwater  is  to  be  monitored  throughout  the  operating  life 
of  a  landfill  and  for  a  period  of  time  after  closure  to  be  specified  by 
DEQE  at  time  of  closure.    Samples  will  be  collected  from  wells  and  ana- 
lyzed on  a  quarterly  basis  for  the  first  year  of  the  monitoring  program. 
The  samples  will  be  used  to  establish  background  information  on  quality 
parameters.    After  the  first  year,  the  samples  are  to  be  collected  on 
at  least  a  semi-annual  basis.    A  minimum  set  of  parameters  for  sampling 
and  analysis  are  specified:    total  iron,  chloride,  total  organic  carbon, 
specific  conductance,  total  organic  halogen,  and  pH.    However,  DEQE  may 
require  other  parameters  to  be  sampled  or  more  frequent  sampling. 

The  DEQE  proposed  requirements  with  respect  to  groundwater  monitor- 
ing are  quite  similar  to  the  RCRA  requirements  for  groundwater  monitor- 
ing at  hazardous  waste  landfill  facilities.    The  DEQE  regulations,  how- 
ever, are  less  technically  specific  than  are  the  RCRA  regulations.  The 
monitoring  well  requirement  for  hazardous  waste  landfills  is  also  a 
minimum  of  four  wells,  one  upgradient  and  three  downgradient.  RCRA 
goes  a  step  further  though  and  also  provides  some  criteria  for  the  de- 
sign of  the  network.    The  water  quality  sampling  requirements  in  RCRA 
are  more  specific  as  well,  requiring  several  more  parameters  to  be 
tested  and  specifying  standards  on  maximum  concentrations  of  parameters. 


1.3    RoIq,  oi  MoyUtonlng.    Groundwater  monitoring  is  a  fundamental  part 
of  the  effort  to  protect  groundwater  quality.    Monitoring  wells  can 
play  an  important  role  in  the  early  recognition  of  groundwater  quality 
degradation.    The  main  purpose  of  monitoring  is  to  obtain  the  type  of 
infoimation  from  which  control  decisions  can  be  made.    From  a  pollution 
management  standpoint,  the  purpose  is  to  obtain  an  early  warning  of 
groundwater  contamination  and/or  to  determine  the  progress  of  contamina- 
tion or  a  change  in  its  components.    The  information  acquired  from  moni- 
toring wells  may  mean  the  difference  between  taking  a  remedial  action  to 
inhibit  further  movement  of  a  leachate  plume  or  having  to  find  an  alter- 
native drinking  supply  source  for  a  community. 
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Monitoring  has  been  defined  as  the  activity  involving  "systematic 
observations  of  parameters  related  to  a  specific  problem  designed  to 
provide  information  on  the  characteristics  of  the  problem  and  their 
changes  with  time"  (Sherwani  and  Moreau,  1975,  p.  3).    The  worth  of  in- 
formation from  water  quality  monitoring  is  positively  related  to  its 
precision  or  accuracy  in  predicting  water  quality  parameters  and  changes. 
Increasing  precision  of  a  monitoring  system  is  accompanied  by  higher 
costs,  however,  and  hence  the  economically  optimal  monitoring  network 
is  not  necessarily  the  one  that  provides  the  greatest  accuracy  or  quan- 
tity of  information.    Rather,  it  is  that  system  which  is  associated  with 
the  greatest  benefits  of  information  less  costs. 

The  value  or  worth  of  data  is  defined  as  a  function  of  its  use,  and 
can  be  estimated  by  examination  of  the  decisions  likely  to  be  made  with 
and  without  additional  sample  data,  as  well  as  the  array  of  possible 
consequences  of  these  decisions.    As  Dawdy  et  al.   (1970)  and  Moss  (1970) 
expressed  it,  the  worth  of  additional  information  can  be  related  to  the 
expected  benefits  foregone  as  a  result  of  not  having  and  using  this  ad- 
ditional set  of  data. 

Most  monitoring  systems  have  been  set  up,  at  best,  in  a  cost- 
effectiveness  manner.    That  is,  given  a  budget,  design  a  system  to  max- 
imize the  precision  of  the  information;  or,  given  a  desired  level  of 
precision,  minimize  cost  (budget).    Since  the  precision  level  (or  budget) 
is  established  arbitrarily,  an  optimal  monitoring  system  may  differ  be- 
cause the  benefits  of  additional  information  are  considered  in  selecting 
a  desired  precision.    In  a  setting  in  which  information  is  treated  as  an 
economic  good,  information  should  be  gathered  up  to  the  point  at  which 
the  marginal  cost  of  acquiring  it  is  equal  to  its  marginal  worth. 

Figure  1  gives  an  example  of  the  difference  between  a  network  which 
has  been  set  up  at  the  optimal  level  of  monitoring  precision  and  another 
set  at  an  arbitrary  precision  level.    The  BB'  curve  contains  the  set  of 
points  of  maximum  value  of  information  given  the  varying  levels  of  pre- 
cision.   As  the  precision  of  monitoring  increases,  or  more  data  are  col- 
lected, the  marginal  worth  (slope  of  BB')  of  data  decreases.    The  CC 
curve  contains  the  set  of  points  representing  the  costs  associated  with 
efficiently  gathering  the  information  at  different  precision  levels. 
The  slope  of  CC  increases  at  an  increasing  rate  since  the  marginal  cost 
of  acquiring  data  increases  with  greater  accuracy  levels. 

If  the  value  of  data  is  greater  than  its  costs  of  collection,  then 
that  specific  level  of  monitoring  is  economically  justified.  However, 
the  optimal  precision  level  is  given  by  finding  the  point  where  the  pos- 
itive difference  between  the  two  curves  is  the  greatest.    This  corre- 
sponds to  U*  in  Figure  1.    At  this  point  the  slopes  of  the  curves  are 
the  same  --  i.e.,  marginal  value  equals  marginal  cost. 

The  optimal  level  U*  can  be  compared  to  another  level  set  arbitrar- 
ily at  \}\.    At       the  system  is  still  economically  justified,  but  margi- 
nal cost  is  greater  than  marginal  benefits.    In  other  words,  if  a  one- 
unit  decrease  in  precision  occurred  from  the  level  U-j^,  the  reduction  in 
costs  of  monitoring  would  be  greater  than  the  reduction  in  value  of  mon- 
itoring at  that  precision  level.    Hence,  it  is  more  efficient  to  cut- 
back on  the  precision  required  and  operate  at  U*. 
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Figure  1 
Optimal  Monitoring  Network 
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1.4    ObjdctivQjy.    The  main  purpose  of  this  research  is  to  develop  a  ra- 
tionale based  on  economic  efficiency  for  determining  the  optimal  level 
of  groundwater  monitoring  precision  at  sanitary  landfills.    The  specific 
objectives  are  twofold: 

(1)  DEQE  has  proposed  a  regulation  which  would  require  sanitary 
landfill  facilities  in  the  state  to  have  a  groundwater  monitor- 
ing network  consisting  of  one  upgradient  well  and  three  down- 
gradient  wells.    Since  most  of  the  small  municipal  landfills 
presently  operating  in  the  state  have  two  downgradient  wells, 
DEQE  has  implicitly  placed  a  value  on  the  information  gained 
from  the  third  downgradient  well.    The  first  objective  is  to 
estimate  the  expected  value  of  information,  using  a  Bayesian 
theoretic  approach,  of  this  additional  well. 

(2)  After  estimating  the  expected  value  of  information  from  the 
additional  monitoring  well,  an  economic  limit  can  be  found  for 
the  monitoring  precision  level  at  a  landfill.    By  finding  the 
point  at  which  the  expected  value  of  information  gained  from 
the  monitoring  system  is  equal  to  the  cost  of  the  system,  the 
economically  optimal  level  of  monitoring  can  be  determined. 
The  second  objective  is  to  establish  a  limit  on  the  precision 
level  from  an  economic  efficiency  perspective. 

Section  2  describes  the  methodology  used,  Bayesian  decision  analy- 
sis, while  Section  3  contains  an  empirical  application  using  Amherst, 
Massachusetts  as  a  case  study.    The  results  of  the  empirical  application 
are  presented  in  Section  4,  while  a  discussion  of  the  results  and  the 
conclusions  from  the  research  are  presented  in  a  final  part. 
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2.    Bayesian  Decision  Framework 


Bayesian  analysis  provides  a  methodology  for  aiding  decision  makers 
in  choosing  between  alternative  actions  to  be  taken  when  faced  with  un- 
certainty of  occurrence  of  a  set  of  parameters  or  states  of  nature. 
Within  this  framework,  prior  information  is  combined  with  additional  or 
sampling  information  on  the  states  of  nature  to  reduce  uncertainty  on 
the  occurrence  of  those  states.    An  example  of  additional  information 
may  be  sample  information  on  water  quality  characteristics  acquired  from 
a  monitoring  well  system.    By  adding  the  sampling  information  to  what  is 
already  believed  about  water  quality,  a  decision  maker  can  increase  the 
probability  of  choosing  that  action  which  will  maximize  expected  value 
for  a  given  state  of  nature.    Once  the  Bayesian  analysis  has  been  per- 
formed, and  the  optimal  actions  given  all  available  information  of  the 
states  of  nature  have  been  detemined,  the  expected  value  of  the  infor- 
mation from  a  given  precision  level  can  be  found.    The  worth  or  value 
of  information  derives  from  reductions  in  the  costs  of  wrong  decisions 
due  to  lowered  uncertainty. 


2.1    Sayoji-lan  VzcMilon  Th<ion.ij.    The  theoretical  framework  for  Bayesian 
analysis  is  discussed  in  Chemoff  and  Moses  (1959),  Halter  and  Dean 
(1971),  Raiffa  and  Schlaifer  (1961),  and  Rausser,  Johnson  and  Willis 
(1983) .    Several  research  applications  have  empirically  determined  the 
value  of  additional  information.    In  the  water  resources  area.  Moss  and 
Karlinger  (1974)  used  Bayesian  theory  to  estimate  the  benefits  from  add- 
ing an  extra  unit  of  time  or  area  covered  to  a  surface  water  monitoring 
network.    Gates  and  Kisiel  (1974)  determined  the  worth  of  groundwater 
data  as  measured  in  improved  precision  of  estimated  parameters.  Maddock 
(1973)  used  the  framework  to  find  the  worth  of  data  through  its  impact 
on  decisions  concerning  the  management  of  a  groundwater  system.  Other 
applications  include  those  of  Baquet  et  al.   (1976)  who  derived  the  eco- 
nomic value  of  frost  forecast  information,  and  Morzuch  and  Willis  (1982) 
who  determined  the  value  of  weather  information  to  cranberry  marketing 
firms.    Additional  examples  of  agricultural  research  using  Bayesian 
analysis  are  given  by  Anderson  et  al.   (1971),  Carlson  (1970),  and  Eidman 
et  al.  (1967). 

The  basic  framework  of  the  theory  is  as  follows.    A  decision  maker 
must  choose  an  action  (aj)  from  a  set  of  actions  where  the  consequences 
(cij)  of  his  choice  depend  upon  the  prevailing  state  of  nature  (Si). 
The  state  of  nature  is  unknown,  but  has  a  probability  of  occurrence 
(P(Si)).    Hence,  the  expected  value  of  an  action  is  the  probability 
weighted  sum  of  the  consequences  of  that  action: 

V.  =  I  c..  P(S.).  (1) 

The  decision  maker  then  chooses  that  action  with  the  highest  expected 
value: 

V  =  maximum  V. .  (2) 
j 

The  decision  maker  begins  with  only  a  prior  assessment  on  the  prob- 
abilities of  the  states  of  nature  (P(Si))  to  help  in  his  choice  of  ac- 
tion.   However,  if  additional  data  can  be  acquired,  the  decision  maker 
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can  reduce  the  uncertainty  about  the  actual  state  of  nature  occurring. 
The  additional  or  experimental  information  can  be  expressed  in  the  form 
of  conditional  probabilities  (P(Zi^|Si)).    These  are  the  probabilities 
of  observing  a  particular  experimental  result  (Z}^)  given  that  a  state 
(Si)  occurs.    By  using  Bayes'  rule,  this  information  is  revised  to  ob- 
tain a  set  of  posterior  distributions  (P(Si|Zi))  which  predict  the  oc- 
currence of  a  particular  state  of  nature  given  that  a  sample  result 
occurs.    Bayes'  Theorem  is  as  follows: 

P(S  )  P(Z.  |S  ) 
PCS^IZ,)  =  ,  (3) 

where : 

PCZj^)  =  I  P(S-)  P(Z^|S.).  (4) 
i 

The  expected  value  of  each  action  has  now  changed  because  the  conse- 
quences are  weighted  with  the  new  posterior  probabilities.    The  expected 
value  of  action  j  given  the  posterior  probabilities  is  now: 


v-T  =  y  c. -  p(s. izj. 

J  k     V    ij       1 '  k^ 


(5) 


The  decision  maker  will  once  again  choose  that  action  which  maximizes 
expected  value.    However,  this  time  her  choice  is  based  on  both  the  prior 
information  and  the  experimental  results. 

The  value  of  the  experimental  or  additional  information  can  then  be 
found  by  determining  the  maximum  expected  value  of  an  action  for  each  k 
(6)  and  multiplying  each  by  its  probability  of  occurrence  (7) . 

=  maximum  V^^^  (6) 

Equation  (7)  represents  the  expected  value  of  the  Bayesian  strategy; 
or,  in  other  words,  maximum  expected  value  resulting  from  both  the  prior 
and  the  sanple  information.    The  value  of  the  sample  information  (8)  is 
the  difference  between  the  value  of  the  Bayesian  strategy  and  the  maxi- 
mum expected  value  resulting  from  having  only  the  prior  information. 

W  =  V*  -  V.  (8) 

If  the  value  of  information  exceeds  the  costs  of  obtaining  it,  then  it 
is  economically  justified. 


2.2    NujfmAyicLCil  An  illustration  using  a  simplified  numerical 

example  is  provided  to  show  how  the  value  of  information  of  a  ground- 
water monitoring  network  at  a  sanitary  landfill  could  be  estimated.  To 
reiterate  the  components  of  the  analysis,  they  are  the  states  of  nature 
(Si),  probabilities  of  the  alternative  states  (P(Si)),  actions  (a.;)  and 
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their  associated  consequences  (c. .)  which  are  jointly  dependent  on  state 
i,  and  predictors  (Z^)  •  "'""^ 

Assume  for  this  example  that  water  quality  can  be  classified  into 
three  levels,  where  the  states  of  nature  (S.)  represent  levels  such 
that:  ^ 

S-j^  --  denotes  good  water  quality 
S2  --  denotes  acceptable  water  quality 
--  denotes  poor  water  quality 

The  actions  are  the  decisions  that  are  made  concerning  the  management 
of  the  landfill  facility.    Assume  that  three  possible  actions  (aj)  exist 
for  the  decision  maker  to  choose.    For  this  example  the  actions  may  be 
represented  as: 

take  no  action  concerning  water  quality,  operate  the  facility 
as  usual; 

inplement  some  treatment  process  or  leachate  control  technol- 
ogy; 

close  affected  supply  wells  and  find  an  alternative  drinking 
source. 

The  consequences  (cij)  of  any  choice  of  action  depend  upon  the 
state  of  water  quality  (S^)  that  occurs.    The  consequences  are  the  costs 
related  to  the  action/state  pair.    The  costs  may  range  from  being  zero 
for  no  action  taken  to  several  hundred  thousand  dollars  for  finding  an 
alternative  water  source.    The  true  state  of  nature  is  unknown  but  has 
a  probability  of  occurrence  given  by  P(Si) .    These  probabilities  come 
from  some  prior  knowledge  the  decision  maker  has  concerning  Sj^.  Table 
2  depicts  the  matrix  of  consequences  for  every  action/state  combination 
and  the  prior  probability  of  each  state. 


Table  2 


Consequences  Based  on  Prior  Information 


States 

Actions 

^1 

^2 

^3 

P(S-) 

10 
20 
25 

15 
15 
15 

20 
18 
6 

0.2 
0.6 
0.2 

V. 
J 

19 

15 

16 

The  expected  value  of  each  action  (Vj)  can,  in  turn,  be  calculated 
by  weighting  the  consequences  of  the  action  given  the  alternative  states 
of  nature  by  the  respective  prior  probabilities  of  these  states  (Morzuch 
and  Willis,  1982,  p.  501).    Mathematically,  the  expected  value  of  each  ac- 
tion is  given  by  V-  from  (1).    For  example,  the  expected  value  of  a-,  is: 


^1  - 
^3  -- 


IS 


V    =  10(.2)  +  20(.6)  +  25(.2)  =  19. 


In  this  example,  the  decision  maker  will  select  that  action  which 
minimizes  the  expected  costs,  V j .    Here  a2  has  an  expected  value  of  15 
and  will  be  the  decision  maker's  choice.    If  perfect  information  (V*) 
on  which  water  quality  state  was  occurring  existed,  the  expected  value 
of  the  decisions  would  be  equal  to  the  summation  of  the  least  cost  con- 
sequence (c-j^^*)  for  each  quality  level  S-  multiplied  by  its  probability 
P(S-):  ^  ^ 

V*  =  10(.2)  +  15(.6)  +  6(.2)  =  12.2. 

The  expected  value  of  perfect  information  (EVPI)  is  then: 

EVPI  =  15  -  12.2  =  2.8. 

Now  assume  that  sampling  infoimation  which  is  less  than  perfect  is 
available  from  a  monitoring  network  at  a  cost  to  the  decision  maker. 
However,  the  information  can  help  reduce  the  uncertainty  about  the  water 
quality  level.    With  a  series  of  samples  at  several  locations,  the  true 
state  of  water  quality  can  be  predicted  with  some  accuracy.    For  this 
exanple,  these  predictors  (Z^^)  are  classified  as: 

Z-^  --  no  change  in  water  quality; 
Z2  --  small  change  in  water  quality; 
--  large  change  in  water  quality. 

The  sampling  information  may  be  expressed  in  the  form  of  condi- 
tional probabilities.    These  are  the  probabilities  of  observing  Z]^,  a 
sample  result,  given  that  Sj^  occurs.    The  conditional  probabilities 
P(Z],;;|Si)  of  a  particular  monitoring  system  will  vary  with  the  level  of 
precision.    The  probabilities  associated  with  a  two  downgradient  well 
monitoring  system  will  represent  a  lower  precision  level  than  for  a 
three  downgradient  well  system.    For  this  example,  a  precision  level  of 
l^l  is  assumed.    The  conditional  probabilities  for  this  system  are  shown 
in  Table  3. 


Table  3 


Conditional  Probability  Matrix 


states 

Sample  Values 

h 

^1 

0.7 

0.2 

0.1 

0.3 

0.4 

0.3 

^3 

0.2 

0.3 

0.5 

As  long  as  the  conditional  distributions  are  known,  they  can  be 
blended  with  the  prior  probability  distributions  to  obtain  a  set  of 
joint  probabilities.    These  posterior  distributions  P(S. |ZiJ  were  set 
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out  in  (3)  above.    To  illustrate,  consider  the  likelihood  that  water 
quality  level  is  poor  (S^)  and  that  sample  results  indicate  that  it  is 
good  (Zj,) : 

P(Zp  =  (.2)(.7)  +  (.3)(.6)  +  (.2)(.2)  =  .36 

and 

P(S3|zp  =  (.2)(.2)/.36  =  0.11. 
The  nine  posterior  probabilities  are  provided  in  Table  4. 


Table  4 


Posterior  Probability  Matrix 


States 

Sample  Values 

h 

h 

h 

^1 

0.39 

0.12 

0.07 

0.50 

0.71 

0.60 

s 

^3 

0.11 

0.17 

0.33 

The  original  consequence  matrix  is  now  augmented  using  these  poste- 
rior probabilities  to  form  a  posterior  payoff  table  (Table  5) .    The  ex- 
pected value  of  each  action  given  these  posterior  probabilities  is  given 
by  (5)  above.    For  example,  the  expected  value  of  action  a^  given  1-^  is 
computed  as: 

V     =  20(.39)  +  18(.5)  +  6(.ll)  =  17.46. 


Table  5 


Consequences  Based  on  Prior  and  Sample  Information 


states 

Actions 

^1 

^2 

^3 

^1 

^2 
s 

^3 

10 
20 
25 

15 
15 
15 

20 
18 

6 

^3 

16.65 
19.65 
20.95 

15 
15 
15 

17.46 
16.20 
14.18 

17 


From  this  table,  the  decision  maker  can  choose  which  action  to  pick 

when  a  particular  sample  result  is  observed.    If  Zi  or  Z2  is  observed, 

32  will  minimize  expected  costs;  if  Z    is  observed,  a-  should  be  se- 
lected. ^ 

The  expected  value  of  the  actions  with  the  sample  infonnation  can 
be  found  by  taking  the  smallest  expected  consequence  value  for  each  k 
and  multiplying  them  by  their  probability  of  occurrence  P(Z]^).    The  sum 
of  these  products  is  the  expected  value  of  the  Bayesian  strategy. 

V*  =  15(.36)  +  15(.34)  +  14.18(.3)  =  14.75. 

To  determine  the  value  of  the  sample  information  from  water  quality 
monitoring,  the  expected  value  of  the  Bayesian  decisions  found  using  the 
added  data  (V*)  is  subtracted  from  the  minimum  expected  consequences  of 
the  decision  resulting  from  having  only  the  prior  information  (V).  Hence, 
the  value  of  the  additional  information  is: 

W  =  15  -  14.75  =  0.25. 

This  gives  the  maximum  monitoring  cost  which  should  be  incurred  on  the 
basis  of  the  reduced  costs  of  consequences  from  a  monitoring  system  with 
a  level  of  precision  Uj.    This  monitoring  network  can  be  compared  with 
another  having  a  precision  level  of  U2  by  finding  the  difference  between 
the  two  expected  values  of  the  Bayesian  strategy. 
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3.    Empirical  Application 

The  main  objective  of  this  research  is  to  determine  the  value  of  in- 
formation generated  by  sampling  from  an  additional  downgradient  well  as 
required  by  the  proposed  DEQE  sanitary  landfill  regulations.    As  previ- 
ously indicated,  this  value  is  expected  to  vary  between  sites.    A  case 
study  approach  focusing  on  the  town  of  Amherst  was  selected  for  the  em- 
pirical application  in  part  because  it  presently  fulfills  most  of  DEQE's 
proposed  monitoring  requirements  and  is  considered  representative  of  a 
large  number  of  Massachusetts  situations. 

In  order  to  perform  the  empirical  application,  the  states  of  nature, 
actions,  consequences  and  probabilities  appropriate  to  the  Amherst  fa- 
cility had  to  be  defined.    Any  classification  of  these  components  must 
take  into  consideration  the  characteristics  of  the  landfill  site  being 
analyzed.    The  geology,  hydrology,  size,  and  type  of  wastes  deposited 
are  some  of  the  site- specific  factors  that  must  be  included  in  the  deter- 
mination and  choice  of  the  set  of  states,  actions  and  consequences.  The 
probabilities  will  depend  on  the  complexity  of  the  hydrogeology  and  the 
monitoring  network  at  a  facility.    Since  the  characteristics  describing 
landfill  facilities  vary,  the  appropriate  states  of  nature,  actions,  con- 
sequences and  probabilities  will  also  vary  in  the  application  of  the 
theory  to  different  facilities.    Before  defining  the  values  used  in  the 
empirical  analysis,  a  description  of  hydrogeology  and  operation  of  the 
Amherst  landfill  is  presented. 


3.1    AmhuMJit  landiiJil.    The  Amherst  sanitary  landfill  is  located  on  the 
northern  side  of  Route  9,  near  the  Amherst-Belchertown-Pelham  town  lines. 
Municipal  wastes  from  all  three  towns  are  deposited  at  the  facility. 
More  specifically,  it  is  situated  within  the  northern  segment  of  the  15.9 
square  mile  Lawrence  Swamp  Basin.    Figure  2  shows  the  location  of  the  new 
landfill  with  respect  to  the  three  town  lines  and  the  major  supply  wells 
in  the  basin.    The  supply  wells  located  in  Lawrence  Swamp,  the  South  Am- 
herst wells.  Well  #4,  and  the  Bay  Road  well  together  supply  65%  of  Am- 
herst's drinking  water  demands.    Also  shown  in  Figure  2  is  the  older 
closed  landfill  site  which  was  not  considered  in  this  study.    A  leachate 
contamination  problem  already  exists  from  the  old  landfill  and  has  af- 
fected the  downgradient  Brickyard  wells,  causing  them  to  be  closed.  As 
a  result  of  the  contamination,  intensive  monitoring  and  studying  of  the 
site  has  occurred. 

3.1.1    Hyd/iogwlogy  oi  Law^mcs:  SiAJomp.    The  Lawrence  Swamp  Basin  is 
both  a  hydro logic  and  a  groundwater  basin.    The  basin  is  enclosed  by  topo- 
graphic divides,  so  that  any  precipitation  falling  within  the  area  either 
becomes  surface  runoff  or  part  of  the  underlying  groundwater  system.  It 
is  a  groundwater  basin  because  all  of  the  groundwater  in  the  basin  is 
confined  by  groundwater  divides.    Groundwater  flows  within  the  confines 
of  these  divides  discharging  into  Hop  Brook,  the  master  stream  of  the 
basin.    The  groundwater  system  consists  of  a  confined  (artesian)  aquifer 
and  an  unconfined  (shallow)  aquifer.    The  artesian  aquifer  serves  as  the 
water  supply  source  for  Amherst's  wells. 

The  principal  hydrogeologic  units  of  the  basin  are:     (1)  bedrock; 
(2)  till;  (3)  stratified  drift  (coarse  phase)  including  the  water-produc- 
ing sand  and  gravel  of  the  artesian  aquifer;  (4)  stratified  drift  (fine 
phase)  including  clay  and  fine  silt  which  forms  groundwater  confining 
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Figure  2* 
Case  Study  Landfill  Location 


*Schwalbauin,  1983,  p.  3. 
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units;  (5)  post-lake  beds  which  are  predominantly  alluvial  sand  and  grav- 
el and  form  the  shallow  unconfined  aquifer  (Motts,  1982,  p.  90). 

Bedrock  underlies  the  entire  basin.    Glacial  till  mantles  the  bed- 
rock throughout  most  of  the  basin  and  is  considered  to  be  part  of  the 
bedrock.    The  till,  which  is  generally  less  than  10  feet  thick,  is  com- 
posed of  non- stratified  and  poorly  sorted  deposits  consisting  of  gravel, 
sand,  silt  and  clay.    Although  the  till  serves  as  a  private  water  source 
throughout  the  area,  the  available  water  quantity  is  insufficient  for 
municipal  use.    However,  the  permeable  upper  till  (less  compact  and  bet- 
ter sorted)  absorbs  considerable  amounts  of  precipitation  and  serves  as 
a  recharge  area  where  exposed. 

The  stratified  drift,  which  covers  31%  of  the  basin,  forms  the  water- 
holding  sediments  of  the  artesian  aquifer.    The  lower  zone  of  well -sorted 
sands  and  gravel  has  a  high  water-yielding  capacity.    Occurring  immedi- 
ately above  the  bedrock  and  till,  this  zone  is  found  throughout  the  basin. 
Beds  consisting  mostly  of  fine  through  coarse  sands  that  are  poorly  sorted 
and  contain  considerable  amounts  of  silt  are  located  above  the  lower  zone. 
Layers  of  clay  are  spread  through  the  sand  but  are  not  continuous.  Thus 
they  retard,  although  do  not  prevent,  vertical  movement  of  water. 

However,  a  clay  zone  occurring  above  the  artesian  aquifer  acts  as  an 
effective  barrier  to  vertical  groundwater  movement.    The  clay  lens  varies 
in  thickness,  being  thinner  at  the  swamp  margins  and  increasing  in  thick- 
ness towards  the  center.    In  the  central  part  of  the  swamp,  very  small 
amounts  of  water  move  through  the  clay  due  to  its  low  permeability.  At 
the  swamp  margin,  where  the  clay  lens  is  thin,  a  greater  amount  of  water 
can  move  up  or  down.    This  zone  serves  as  a  protective  barrier  for  the 
artesian  aquifer.    The  clay  retards  downward  movement  of  water  from  the 
shallow  aquifer,  preventing  any  water  that  may  be  contaminated  from  enter- 
ing the  confined  system. 

The  sediments  composing  the  shallow  aquifer  are  diverse  in  origin, 
but  are  characterized  mostly  by  alluvial  sand  and  gravel.    The  thickness 
of  these  sediments  ranges  up  to  40  feet,  with  the  greater  thickness  in 
the  central  part  of  the  swamp.    Only  small  amounts  of  water  can  be  held 
in  the  relatively  thin  beds  of  the  shallow  aquifer.    The  Brickyard  wells, 
in  contrast,  are  located  in  an  area  with  high  transmissivity  and,  before 
the  leachate  contamination  problem,  were  pumped  from  this  aquifer.  The 
shallow  aquifer  is  recharged  from  direct  precipitation  and  by  the  arte- 
sian aquifer.    Because  the  potentiometric  head  of  the  artesian  aquifer 
is  higher  in  elevation  than  the  potentiometric  head  of  the  unconfined 
aquifer,  water  moves  upward  through  and  around  the  confining  middle  unit 
(clay  zone)  into  the  shallow  aquifer.    Even  though  the  head  of  the  water 
in  the  artesian  aquifer  lies  above  the  unconfined  aquifer  and  the  swamp, 
it  must  be  remembered  that  the  actual  occurrence  of  the  water  is  in  the 
sand  and  gravel  below  the  confining  clay  unit. 

The  primary  recharge  areas  for  the  basin  are  those  underlaid  by  per- 
meable sand  and  gravel  where  infiltration  capability  is  high.    Less  per- 
meable till  and  bedrock  form  the  areas  of  secondary  recharge.  Water 
moves  from  recharge  areas  along  the  margin  of  the  basin  downward  into 
both  artesian  and  shallow  aquifers.    All  water  in  the  artesian  aquifer 
eventually  discharges  by  well  withdrawals  or  into  the  shallow  aquifer 
and  subsequently  from  the  shallow  aquifer  into  Hop  Brook  and  its  tribu- 
taries.   Water  leaves  the  basin  by  way  of  the  Fort  River  (Motts,  1982, 


21 


p.  12).    Precipitation  falling  on  the  secondary  recharge  areas  has  two 
fates;  infiltrating  into  and  moving  through  the  bedrock  eventually  dis- 
charging into  the  artesian  aquifer,  or  becoming  surface  runoff  and  in- 
filtrating into  the  primary  recharge  area  or  into  the  shallow  aquifer. 
Precipitation  falling  on  the  primary  recharge  area  follows  the  same  two 
routes.    About  one-half  of  the  precipitation  filters  through  the  highly 
permeable  sands  and  gravel  and  enters  the  groundwater  zone,  moving  into 
either  the  confined  or  unconfined  aquifer.    Or  the  precipitation  becomes 
runoff  which  filters  into  the  unconfined  aquifer  or  leaves  the  basin  via 
Hop  Brook. 

As  previously  stated,  the  two  aquifers  are  hydraulically  connected, 
the  confined  aquifer  recharging  the  unconfined  aquifer  in  the  central 
part  of  the  swamp  and  the  unconfined  recharging  the  confined  along  some 
of  the  swamp  margins.    However,  due  to  leachate  contamination  from  the 
old  landfill  in  the  northern  part  of  the  basin,  questions  about  the  abil- 
ity of  contaminated  water  to  migrate  from  the  unconfined  aquifer  toward 
the  supply  sources  have  arisen.    The  degree  of  connection  between  the 
two  aquifers  in  the  area  downgradient  of  the  landfill  has  not  been  firmly 
established  (Schwalbaum,  1983,  p.  114).    Yet,  it  is  believed  that  a  mas- 
sive silt  unit,  acting  as  a  flow  barrier,  extends  across  the  region  be- 
tween the  contaminated  water  and  the  southern  area  from  which  the  produc- 
tion wells  are  drawing.    The  possibility  that  the  silt  unit  is  not  con- 
tinuous and  that  leachate  may  migrate  into  the  confined  system,  however, 
demands  that  any  further  leachate  contamination  be  prevented.    This  is 
also  important  to  the  new  landfill  because  the  potential  exists  for  leach- 
ate to  enter  the  groundwater  system. 

The  landfill  facility  is  located  in  a  recharge  area  for  the  basin 
(Motts,  1982,  Figure  21).    The  principal  rock  types  underlying  the  facil- 
ity are  bedrock  and  unconsolidated  sediments  of  glacial  origin  (Metcalf 
and  Eddy,  1980,  p.  11).    The  bedrock  is  made  up  of  crystalline  rocks  and 
has  a  layer  of  glacial  till  above  it.    The  bedrock  surface  is  as  little 
as  6  feet  below  ground  level  in  the  eastern  portion  of  the  area  and  be- 
comes increasingly  deeper  in  a  westerly  direction  reaching  a  maximum 
depth  of  at  least  52  feet  below  the  surface. 

The  glacial  sediments  mainly  consist  of  stratified  drift.  These 
sediments  also  increase  in  thickness  in  a  westerly  direction,  ranging 
from  less  than  6  feet  to  more  than  50  feet.    The  sediments  are  composed 
mostly  of  stratified  sand  with  subordinate  layers  of  gravel.    The  sands 
have  a  greater  permeability  near  the  surface  where  they  are  coarser, 
with  the  permeability  decreasing  as  the  sands  become  finer  with  depth. 
The  saturated  zone  occurs  in  sands  primarily  of  fine  to  medium  texture. 
The  estimated  average  permeability  of  the  sands  is  150  gallons  per  day 
per  square  foot.    The  unsaturated  sandy  deposits  are  expected  to  permit 
relatively  free  movement  of  percolates  to  the  water  table.    Yet,  due  to 
the  sandy  makeup,  little  chemical  attenuation  of  leachates  through  ion 
exchange  or  adsorption  is  anticipated. 

The  groundwater  body  occurs  in  the  stratified  drift  and  is  part  of 
the  unconfined  aquifer  system.    The  water  table  slopes  in  a  westerly 
direction  from  an  altitude  of  about  290  feet  near  Harkness  Road  (eastern 
edge  of  landfill  site)  to  about  240  feet  near  the  southwest  comer  of 
the  site.    The  groundwater  flows  mainly  in  a  westerly  direction  at  a 
rate  of  about  2  feet  per  day.    Movement  of  the  water  is  directed,  in  part, 
toward  Harkness  Brook,  with  the  remainder  believed  to  discharge  into 
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streams  serving  as  tributaries  to  Hop  Brook  and  the  Fort  River.  The 
levels  of  various  water  quality  parameters  found  in  groundwater  of  the 
area  are  compared  to  the  EPA  Interim  Primary  Drinking  Water  Regulations 
limits  in  Table  6  (Metcalf  and  Eddy,  1982,  p.  3-3). 


Table  6 


Water  Quality  Ranges 


EPA  Limits 

Background 

BOD 

<  1-25 

COD 

<  1-160 

Alkalinity 

10-56 

Hardness 

16-66 

Iron 

0.3 

0.00-11.8 

Manganese 

0.05 

0.00-1.5 

Free  Ammonia 

0.00-2.9 

Nitrate 

10 

0.00-2.4 

Chloride 

250 

2-30 

Sulfate 

250 

5-20 

Calcium 

5.8-12 

Magnesium 

1.5-2.8 

Sodium 

2.5-18 

Potassium 

0.5-2.2 

Copper 

1.0 

0.00-0.12 

Lead 

0.05 

<  0.05-0.01 

Zinc 

5 

0.19-3.0 

Cadmium 

0.01 

0.00-0.01 

Fluoride 

<  0.1 

Silver 

0.05 

<  0.02 

Total  Dissolved  Solids 

500 

48-160 

Specific  Conductance 

55-200 

3.1.2    KmkdA^t  LandiM  OpdAoXlovii, .    At  the  present  tiirie  the  land- 
fill is  in  Phase  I  of  its  development.    The  total  development  plan  calls 
for  three  phases  totaling  32  acres  in  area,  with  each  phase  corresponding 
to  a  section  for  fill.    Phase  I  is  a  7-acre  section  located  in  the  south- 
eastern portion  of  the  landfill  facility.    The  section  is  lined  with  a 
12-inch  thick  clay  liner  covered  with  dense  pea  gravel.    The  liner  is 
graded  to  a  saucer- like  shape  so  that  leachate  collecting  on  the  surface 
will  migrate  towards  drainage  or  collection  pipes  in  the  liner.  The 
base  of  the  landfill  surface  must  be  at  a  minimum  of  five  feet  above 
the  highest  level  of  the  underlying  water  table. 

The  Phase  I  section  is  broken  up  into  individual  cells  for  filling 
at  one  time.    The  cells  are  40  feet  wide  and  have  no  lining  material  be- 
tween them.    Within  a  cell,  refuse  is  spread  and  compacted  in  layers  two 
feet  deep,  with  a  daily  maximum  of  nine  feet.    The  section  is  covered  by 
9  feet  of  fill  throughout  before  starting  again  on  the  next  layer.  Six 
inches  of  compacted  material  must  be  spread  over  the  refuse  at  the  end 
of  each  day.    The  final  cover  for  the  refuse  must  be  24  inches  of  mate- 
rial, with  at  least  12  inches  being  impervious.    As  the  surface  of  the 
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refuse  rises,  berms  are  to  be  constructed  so  as  to  prevent  any  precipita- 
tion from  ponding  on  the  refuse  surface  and  soaking  in. 


3.1.3    Gn.oandW(it^  Mo^tltonying .    Four  monitoring  wells  exist  for  wa- 
ter quality  sampling.    One  is  the  upgradient,  background  information  well. 
This  well  is  located  on  the  eastern  side  of  the  Phase  I  section.  The 
three  downgradient  wells  are  located  in  a  triangular  pattern,  bordering 
the  southwestern  comer  of  the  site.    All  of  the  downgradient  wells  moni- 
tor at  approximately  30  feet  into  the  underlying  system,  although  their 
surface  elevations  vary.    The  locations  of  the  wells  were  determined  by 
DEQE. 

Sampling  from  the  monitoring  wells  takes  place  once  every  six  months. 
Tighe  and  Bond,  an  engineering  consulting  firm,  is  hired  by  the  town  of 
Amherst  to  perform  the  tests.    The  test  results  are  sent  to  both  the  town 
and  DEQE.    The  sample  parameters  have  been  specified  by  DEQE  and  are  as 
follows: 


Heavy  Metals 

Arsenic 
Barium 
Cadmium 
Mercury 

Chromium 
Nitrate 

Selenium 
Silver 
Lead 


Sanitary  Constituents 

Chloride 
Specific  Conductance 
Manganese 
Alkalinity 
Hardness 
Iron 
PH 


At  this  point,  it  is  interesting  to  note  that  while  several  of  the 
parameters  required  by  Amherst  are  additions  to  the  required  minimum  set 
proposed  by  DEQE,  testing  is  not  required  for  two  parameters:  total 
carbon  and  halogens. 

The  present  monitoring  network  at  the  landfill  is  set  up  specifi- 
cally for  the  Phase  I  section.    As  the  landfilling  activity  expands  to 
Phase  II  and  III,  more  monitoring  wells  will  have  to  be  installed.    It  is 
assumed  that  each  phase  will  have  three  downgradient  wells  specificate 
its  area. 


3.2    CcL6e  Study.    The  expected  value  of  groundwater  quality  data  can  be 
determined  by  examining  the  decisions  likely  to  be  made  with  and  without 
sample  information.    As  previously  discussed,  the  Amherst  landfill  meets 
the  DEQE's  proposed  monitoring  requirements  of  three  downgradient  wells. 
Figure  3  shows  the  location  of  the  downgradient  monitoring  wells  at  the 
Amherst  landfill,  with  their  distance  from  the  perimeter  of  Phase  I  and 
the  boundary  of  the  facility.    In  order  to  determine  the  value  of  infor- 
mation of  changing  from  a  two  downgradient  to  a  three  downgradient  well 
system,  a  hypothetical  two  well  system  must  be  established.    Wells  #1 
and  #2  were  chosen  to  represent  the  two  well  system. 

Before  the  empirical  application  can  be  performed,  the  components 
of  Bayesian  analysis  must  be  defined  for  the  Amherst  landfill.  Recall 
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Figure  3 
Phase  I  Site 
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that  Bayesian  analysis  involves  states  of  nature,  actions,  consequences, 
and  prior  and  conditional  information.    These  terms  are  defined  seriatim. 

3.2.1    Stjit2Ji  oi  Wd^uAe.    The  difficulty  that  a  decision  maker  may 
have  in  selecting  a  management  action  is  due  to  the  fact  that  the  true 
state  of  nature  is  unknown.    In  a  hydrologic  context,  a  state  of  nature 
is  usually  defined  by  a  set  of  given  water  quality  parameters  (see 
McAniff  and  Willis,  1976).    The  states  of  nature  used  in  this  research, 
although  dependent  on  the  concentration  levels  of  different  parameters, 
are  more  complex.    Here  the  states  of  nature  are  defined  by  three  charac- 
teristics:   size  of  the  plume  of  leachate  contaminated  water;  the  param- 
eters or  constituents  comprising  the  leachate;  and  the  concentration  of 
the  parameters  found  in  the  contaminated  groundwater.    The  first  category 
is  the  breakdown  by  plume  size.    Three  plume  sizes  were  considered: 

(1)  no  plume,  or  no  leachate  entering  the  groundwater  system; 

(2)  a  small  plume  that  extends  as  far  as  the  nearest  well  (well  #1 
for  the  two  downgradient  well  system,  and  wells  #1  and  #3  for 
the  three  downgradient  well  system)  but  not  to  the  farthest 
well  (well  #2); 

(3)  a  large  plume  that  extends  at  least  as  far  as  the  most  distant 
monitoring  well  from  the  facility  perimeter  (well  #2) . 

Each  plume  size  is  then  broken  down  into  two  categories  which  de- 
scribe the  parameters  or  constituents  comprising  the  leachate.    The  two 
categories  are  sanitary  constituents  and  heavy  metal  constituents.  Those 
parameters  belonging  to  the  sanitary  category  are  generally  easier  to 
treat  or  deal  with  in  a  water  quality  context  than  those  belonging  to  the 
heavy  metal  group.    For  example,  parameters  such  as  pH  or  iron  can  be 
treated  by  municipal  water  treatment  system.    Whereas,  heavy  metals  such 
as  lead  or  cadmium  need  special  treatment  techniques. 

Once  the  parameters  or  constituents  found  in  the  water  samples  are 
placed  in  either  the  sanitary  or  heavy  metal  grouping,  further  classifi- 
cation by  relative  concentrations  can  be  made.    After  a  monitoring  sample 
is  collected,  if  the  constituents  found  in  the  water  are  sufficiently  con- 
centrated to  indicate  that  a  leachate  problem  exists,  but  the  concentra- 
tion is  not  high  enough  to  violate  any  established  EPA  limits,  then  the 
concentration  of  that  parameter  is  classified  as  "low".    However,  if  the 
concentration  of  the  parameter  is  greater  than  the  EPA  limits  then  the 
classification  is  "high". 

The  reasoning  behind  the  categorization  by  plume  size,  constituents 
and  concentration  is  based  on  the  difference  in  remedial  actions  that 
might  be  taken  dependent  on  plume  characteristics.    In  other  words,  the 
appropriate  action  for  a  landfill  operator  to  take  in  the  case  of  a  small 
plume  made  up  of  sanitary  constituents  in  low  concentration  is  going  to 
be  different  from  the  appropriate  remedial  action  taken  for  a  large  plume 
composed  of  heavy  metals  in  high  concentration.    The  actual  states  of  na- 
ture are  defined  as  follows: 

=  no  leachate  entering  the  groundwater; 
S2  =  small  plume  of  leachate  consisting  of  sanitary  constituents  in 
low  concentrations; 


26 


=  small  plume  of  leachate  consisting  of  heavy  metals  in  low  con- 
centrations ; 

=  small  plume  of  leachate  consisting  of  sanitary  constituents  in 
high  concentrations; 

=  small  plume  of  leachate  consisting  of  heavy  metals  in  high  con- 
centrations ; 

=  large  plume  of  leachate  consisting  of  sanitary  constituents  in 
low  concentrations; 
Sy  =  large  plume  of  leachate  consisting  of  heavy  metals  in  low  con- 
centrations ; 

Sg  =  large  plume  of  leachate  consisting  of  sanitary  constituents  in 
high  concentrations; 

Sg  =  large  plume  of  leachate  consisting  of  heavy  metals  in  high  con- 
centrations. 

At  this  point,  the  question  might  arise  as  to  why  the  joint  presence 
of  both  sanitary  and  heavy  metal  constituents  was  not  included  in  the 
classification  of  the  states  of  nature.    In  developing  the  states  of  na- 
ture, it  had  to  be  determined  whether  the  existence  of  one  category  (san- 
itary/heavy metal,  low/high)  was  dominant  over  the  other.    For  example, 
consider  the  state  of  nature  S5  where  heavy  metals  are  found  in  high  con- 
centration in  water  samples.    The  existence  of  a  leachate  plume  contain- 
ing high  concentrations  of  heavy  metals  is  assumed  to  demand  that  an  ac- 
tion be  taken.    It  is  further  assumed  that  because  the  leachate  is  made 
up  of  heavy  metals,  the  action  taken  is  dominant  over  any  action  that 
would  be  taken  for  the  existence  of  sanitary  constituents,  whether  high 
or  low.    However,  the  case  for  the  assumption  of  a  dominant  action  may 
break  down  when  a  plume  made  up  of  sanitary  constituents  in  high  concen- 
tration exists  but  heavy  metals  are  also  found  to  be  present  in  low  con- 
centrations.   It  may  be  argued  that  if  low  concentrations  of  heavy  metals 
are  found,  then  actions  will  be  taken  in  relation  only  to  those  param- 
eters, separate  from  actions  taken  with  regard  to  the  sanitary  consti- 
tuents.   But,  for  this  study,  it  is  assumed  that  the  remedial  action  con- 
cerning the  high  concentration  of  sanitary  constituents  will  have  to  be 
taken,  and  is  dominant  to  and  inclusive  of  any  action  that  might  be  taken 
concerning  the  heavy  metals.    The  same  reasoning  is  applied  to  only  one 
state  occurring  at  a  time  for  this  model. 

3.2.2    Actions.    The  set  of  management  actions  available  to  an  oper- 
ator of  a  landfill  contains  several  possibilities  for  a  given  situation. 
However,  an  action  is  only  admissible  if  there  is  no  other  action  which 
dominates  it.    Thus,  by  eliminating  inferior  actions,  the  decision  maker 
faces  a  well-defined  set.    For  the  analysis  done  here,  the  set  of  actions 
must  cover  the  range  of  states  of  nature  from  no  leachate  to  high  concen- 
trations of  heavy  metals. 

The  hydrogeology  of  the  area  must  also  be  considered  since  the  reme- 
dial actions  taken  for  a  contamination  problem  are  dependent  on  the  under- 
lying system.    Methods  of  control  or  containment  for  a  leachate  plume  and 
their  effectiveness  will  differ  in  a  confined  aquifer  system  relative  to 
a  shallow  unconfined  aquifer.    Costs  of  the  relevant  actions  are  also  af- 
fected by  site-specific  conditions.    In  the  case  of  the  Amherst  landfill, 
the  aquifer  that  would  be  affected  by  leachate  is  a  shallow  unconfined 
aquifer.    Hence,  the  remedial  actions  considered  are  those  that  are  appro- 
priate for  that  type  of  groundwater  system. 
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The  choice  of  actions  also  depends  on  the  type  of  contaminants  en- 
tering the  groundwater.    One  remedial  action  may  be  appropriate  for  low 
concentrations  of  sanitary  cons tituents,- while  another  may  be  best  for 
high  concentrations  of  heavy  metals.    However,  this  does  not  mean  that 
one  action  may  not  be  appropriate  for  more  than  one  state  of  nature.  In 
some  cases,  the  actions  may  be  the  same  for  two  different  states.  The 
definition  of  the  six  management  actions  chosen  for  this  study  will  be 
preceded  by  a  discussion  of  the  larger  set  of  possible  actions.  This 
description  includes  some  of  the  limitations  of  each  action. 

The  first  and  most  obvious  member  of  the  set  of  actions  is  that  of 
taking  no  action.    In  the  case  of  no  leachate  entering  the  groundwater, 
this  action  is  appropriate.    But,  in  other  situations,  some  other  action 
is  needed. 

Next  are  the  actions  relating  to  the  identification  and  study  of  a 
contamination  problem.    Examples  of  these  are  increased  sampling  frequency 
of  groundwater  and  a  greater  number  of  monitoring  wells.    For  example,  in- 
stead of  sampling  every  six  months,  the  sampling  may  be  increased  to  every 
month  to  watch  the  movement  of  a  plume.    Or,  more  monitoring  wells  may  be 
installed  so  as  to  gain  knowledge  on  the  actual  size  of  a  plume. 

Other  actions  involve  techniques  for  the  containment  and/or  control 
of  polluted  groundwater  (for  a  more  in-depth  description  see  Quince  and 
Gardner,  1982,  or  Josephson,  1980,  or  Lehr  and  Nielsen,  1982).    These  can 
be  broken  down  into  three  categories.    Physical  containment  measures  com- 
prise the  first  category,  and  include  slurry  trench  cutoff  walls,  grout 
curtains,  sheet  pilings,  and  hydrodynamic  control.    Another  category  in- 
cludes aquifer  rehabilitation  methods  such  as  withdrawal,  treatment  and 
reinjection,  or  injection  of  chemical  or  biological  fixatives.    Lastly,  a 
recovery  technique  may  be  used  to  pump  up  contaminated  water  for  treat- 
ment at  a  municipal  sewage  treatment  facility  or  treatment  for  use  as  a 
supply  source. 

The  physical  containment  techniques  are  a  group  of  methods  designed 
to  stop  the  flow  of  contaminated  groundwater.    The  object  of  their  use  is 
to  control  the  spread  of  a  plume,  physically  to  restrain  its  growth  in 
the  direction  of  points  of  groundwater  withdrawal.    Slurry  trench  cutoff 
walls  are  constructed  by  building  underground  dikes  which  encircle  the 
leading  edge  of  a  plume,  hence  sealing  it  off  from  the  rest  of  the  aquifer. 
Grout  curtains  are  constructed  by  injecting  a  cement  mixture  into  subsur- 
face soils  to  fill  the  voids  between  grains.    As  a  result,  groundwater 
flow  is  restricted.    Grout  curtains  can  serve  as  an  effective  barrier; 
however,  the  degree  of  impenneability  of  a  curtain  is  never  certain.  Sheet 
piling  barriers  are  interlocking  steel  sheet  piles  driven  through  the  un- 
saturated zone  and  aquifer  to  underlying  impermeable  strata.    Problems  in 
the  use  of  these  barriers  exist  if  the  piles  must  be  driven  through  coarse, 
dense  material.    All  of  the  above  have  drawbacks  in  their  use.    The  cost 
of  installation  is  generally  high  (for  example  see  Josephson,  1980,  p. 
1034)  ranging  from  $500,000  upward.    Also,  their  use  is  limited  to  shal- 
low aquifers  where  feasible.    But  even  more  important,  as  stated  by  James 
Geraghty,  all  artificial  barriers  "eventually  leak",  hence  these  techniques 
are  not  permanent  solutions  (Josephson,  1980,  p.  1032). 

Hydrodynamic  control  consists  of  placing  a  line  of  pumping  wells  up- 
gradient  from  the  plume  of  contaminated  water  and  a  line  of  recharge  in- 
jection wells  downgradient  from  the  plume.    Thus,  the  flow  of  groundwater 
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between  pumping  and  injection  is  stopped  or  even  reversed  relative  to  the 
original  flow  direction  of  the  water.    The  plume  is  therefore  held  in 
check  as  water  is  diverted  around  it.    But  this  type  of  system  demands 
extensive  knowledge  of  the  hydrogeology.    Extensive  monitoring  is  also 
needed  to  detect  any  failure  in  the  system.    Although  hydrodynamic  con- 
trol systems  are  generally  less  costly  to  install  than  other  contain- 
ment techniques,  the  operation,  maintenance  and  monitoring  costs  may  be 
quite  large. 

Aquifer  rehabilitation  involves  methods  of  restoring  contaminated 
groundwater  to  an  uncontaminated  state.    The  most  common  method  used  is 
withdrawal,  treatment,  and  reinjection.    A  series  of  pumping  wells  is 
installed  at  the  head  of  a  plume  which  brings  the  contaminated  water  to 
the  surface  for  treatment.    Following  treatment,  the  uncontaminated  wa- 
ter is  recharged  back  into  the  aquifer  either  through  reinjection  or  sur- 
face recharge.    This  method  is  most  effective  in  aquifers  with  permeable, 
coarse-grained  deposits.    However,  costs  for  this  type  of  system  are  typ- 
ically very  high.    Additionally,  the  line  of  pumping  wells  may  not  inter- 
cept the  entire  plume  of  contaminated  water  and  where  two-phase  liquid 
contamination  problems  exist  pumping  may  not  be  feasible.    Another  tech- 
nique of  aquifer  rehabilitation  involves  injecting  some  kind  of  fixative, 
either  chemical  or  biological,  depending  on  the  actual  contaminant,  into 
the  aquifer  itself.    Several  problems  arise  with  the  use  of  this  method. 
Complete  mixing  of  the  treatment  with  the  polluted  water  may  not  occur. 
Further,  it  is  difficult  to  determine  how  much  fixative  should  be  added 
to  neutralize  the  water,  making  sure  that  the  amount  is  not  so  much  as 
to  create  its  own  contamination  problem. 

The  practice  of  installing  a  recovery  point  system  is  similar  to  the 
aquifer  rehabilitation  method  of  withdrawal,  treatment,  and  reinjection. 
Recovery  systems  are  designed  to  be  used  in  shallow,  unconfined  aquifers 
for  the  removal  of  contaminated  water.    Groundwater  is  pumped  up,  and  may 
be  treated  either  by  municipal  sewage  facilities  and  disposed  of  or  may 
be  treated  for  use  as  a  supply  source.    The  system  may  employ  a  series  of 
well  points  located  perpendicular  to  the  direction  of  contaminant  migra- 
tion, or  may  consist  of  just  one  or  two  wells.    The  drawbacks  in  the  use 
of  this  method  are  similar  to  those  corresponding  to  other  well-using 
techniques.    The  recovery  wells  must  be  located  in  the  appropriate  ?iori- 
zon  of  the  underlying  system.    In  the  case  of  two-phase  liquids  the  method 
may  be  infeasible.    Lastly,  whether  all  of  the  contaminated  water  is  re- 
covered or  not  depends  on  the  size  of  the  problem;  it  may  take  many  years 
to  cleanse  an  aquifer,  even  if  the  source  has  been  eliminated. 

Treatment  of  contaminated  water  is  a  key  factor  in  both  recovery 
well  systems  and  aquifer  rehabilitation  methods.    The  ease  of  treatment 
of  polluted  water  depends  upon  the  types  of  contaminants  in  the  water. 
The  treatment  needed  may  be  relatively  simple  as  in  the  removal  of  a  sin- 
gle contaminant,  or  it  may  be  much  more  complex.    Three  classes  of  treat- 
ment methods  exist,  and  each  is  applicable  to  different  parameters.  The 
classes  are  physical  methods  such  as  adsorption,  chemical  methods  which 
neutralize  some  parameters,  and  biological  methods  which  employ  micro- 
biological activity  to  convert  toxics  into  non-toxic  byproducts.  Treat- 
ment costs  are  variable  and  depend  on  the  type  and  concentration  of  the 
contaminants.    The  quantity  of  water  to  be  treated  and  the  "acceptable" 
quality  for  use  are  also  important  factors  in  cost. 
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The  last  action  considered,  which  is  the  most  severe  and  also  most 
commonly  taken  action,  is  abandonment  of  the  resource  as  a  supply.  How- 
ever, this  action  may  not  be  an  alternative  in  some  situations  because 
an  unaffected  source  may  not  be  available,  or  the  costs  of  developing  a 
new  source  may  be  prohibitive.    In  cases  in  which  a  neighboring  community 
may  be  able  to  provide  the  new  source,  it  may  not  be  able  to  meet  present 
demands  fully,  or  be  politically  feasible. 

The  list  of  possible  actions  presented  above  is  by  no  means  exhaus- 
tive of  all  the  options  available.    However,  the  list  is  representative 
of  the  main  techniques  being  applied  to  problems  and  discussed  in  the 
literature  at  present.    Of  course,  a  landfill  manager  may  want  to  use  a 
combination  of  techniques  to  deal  with  a  contamination  problem.    But  the 
overall  set  of  management  actions  open  to  an  operator  is  limited  given 
the  type  of  leachate  problem  and  the  hydrogeology  of  a  site. 

In  choosing  the  actions  to  be  used  in  this  analysis,  the  relative 
costs  and  effectiveness  were  main  factors.    The  actions  also  had  to  be 
those  appropriate  for  a  shallow  aquifer  system.    Equally  important,  the 
actions  had  to  be  those  that  would  be  used  for  the  alternative  states  of 
nature  hypothesized.    The  actions  considered  are: 

no  action  taken; 

increase  the  frequency  of  water  sampling,  to  once  a  month; 
add  two  additional  monitoring  wells  and  increase  frequency  of 
sampling  to  once  a  month; 

install  a  recovery  well  system  with  use  of  the  municipal  sewage 
treatment  system; 

install  a  recovery  well  system  with  transportation  to  a  special- 
ized off- site  treatment  facility; 

abandonment  of  wells  and  establishment  of  an  alternative  supply. 

Aside  from  the  appropriateness  of  these  actions  for  a  given  state  of 
nature,  the  actions  selected  were  deemed  from  a  cost  standpoint  to  be  dom- 
inant over  the  others.    Table  7  presents  the  costs  of  each  action  assumed 
in  this  analysis.    The  increased  frequency  and  increased  monitoring  activ- 
ities were  believed  to  have  the  most  desirable  consequences  when  the  con- 
centrations of  constituents  found  in  a  plume  were  low  (Josephson,  1982, 
p.  504A) .    The  recovery  well  system  was  considered  best  when  the  plume 
was  small  but  concentrations  were  high,  and  also  for  a  large  plume  of  san- 
itary constituents  of  high  concentration  (given  as  a  technique  used  now 
in  the  state  by  Tom  Coucher,  1983) .    Abandonment  was  only  considered  for 
the  state  described  by  a  large  plume  of  high  concentrations  of  heavy 
metals. 

3.2.3    CovUdqumcd^ .    The  consequences  of  any  given  action  will  de- 
pend on  the  state  of  nature  that  occurs.    In  some  cases,  the  consequence 
of  an  action/state  pair  will  be  the  capital,  operating,  and  maintenance 
costs  of  the  action  taken.    However,  in  other  cases  where  the  action 
taken  is  not  appropriate  for  the  state  occurring,  the  consequences  will 
include  more  than  just  these  costs.    For  example,  if  a  large  plume  of 
high  concentration  sanitary  constituents  obtains  and  no  action  is  taken, 
in  the  next  period  the  plume  may  be  too  large  for  some  remedial  action  to 
be  taken  and  abandonment  of  the  supply  source  may  be  necessary.  Further- 
more, the  plume  may  have  already  affected  the  supply  source.    Hence,  the 
consequences  or  costs  in  this  situation  are  quite  high. 
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Table  7 


Base  Costs  of  Actions 


Action 

Total  Cost 

=  take  no  action 

$0 

^1 

=  increased  frequency  of 
sampling  to  once  a 
month* 

$900 

per  sample 

$21,600 

^3 

=  two  additional  monitor- 
ing wells  installed 
with  increased  sampling 
frequency 

$900 
$2,500 

per  sample 
per  well 

$41,000 

=  installation  of  three 
recovery  wells  and  use 
of  municipal  sewage 
system  for  treatment 

$12,500 
$20,000 
$38,500 

per  well 
site  study 
sewage  use 

$95,000 

=  installation  of  three 
recovery  wells  and 
transportation  to  off- 
site  treatment  facil- 
ities 

$12,500 
$20,000 
$112,500 

per  well 
site  study 
off-site 

$170,000 

^6 

=  abandonment  of  the  sup- 
ply source  and  estab- 
lishment of  an  alterna- 
tive supply 

$1,000,000 

*The  sampling  cost  per  well  per  year  at  the  Amherst  facility  was  given 
as  $1,800.    Sampling  was  done  twice  a  year  --  hence,  this  represents  an 
average  cost  of  $900  per  sample.    For  the  base  case  of  a  two  well  sys- 
tem, monthly  sampling  would  cost  $21,600  per  year. 


For  the  consequences  of  an  inappropriate  action  given  the  state  of 
nature  occurring,  some  assumptions  on  the  outcomes  or  results  had  to  be 
made.    In  several  cases,  the  assumption  is  that  in  the  next  period  appro- 
priate action  will  be  taken.    In  the  case  of  a  small  plume  of  sanitary 
constituents  of  high  concentration  being  the  true  state  of  nature,  if 
the  appropriate  action  of  installing  the  recovery  well  system  is  not 
taken  in  this  period,  then  in  the  next  it  is  assumed  to  be.  Contrast- 
ingly, for  other  cases,  the  only  appropriate  action  in  the  next  period 
is  to  find  an  alternative  supply.    The  reasoning  behind  each  of  the  con- 
sequences of  the  action/state  pairs  is  presented  below.    The  matrix  rep- 
resenting these  consequences  is  presented  in  Table  8. 

If  action  a]^,  that  of  doing  nothing,  is  taken  and  S^,  having  no 
leachate  problem  is  the  true  state  of  nature,  then  the  cost  is  zero. 
However,  if  the  state  obtaining  is  S2,  the  consequence  of  not  taking  the 
assumed  appropriate  action  of  increased  sampling  is  the  cost  of  increased 
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Table  8 
Consequences 


States  Actions 


(S.) 


^1 

0 

21.1 

40.5 

95 

170 

1000 

21.6 

19.1 

38.5 

95 

170 

1000 

s 

41 

62.6 

37.5 

150 

170 

1000 

3 

S 

95 

123.2 

116 

95 

170 

1000 

4 

S 

5 

1000 

1021.6 

1041 

1150 

170 

1000 

21.6 

19.1 

38.5 

95 

170 

1000 

41 

62.6 

37.5 

150 

170 

1000 

1100 

1121.6 

1141 

95 

170 

1000 

^9 

1200 

1221.6 

1241 

1350 

1370 

1000 

^Consequences  are  expressed  in  thousands  of  dollars. 


sampling  in  the  next  period.    Likewise,  if  S3  occurs,  the  cost  of  taking 
a^  is  that  of  increased  monitoring  next  period.    The  consequence  for  the 
S4|ai  interaction  is  similar  in  that  the  cost  for  not  acting  upon  the 
small  plume  of  high  concentration  sanitary  constituents  is  the  future 
cost  of  the  recovery  well  with  use  of  the  municipal  sewer  system.  The 
consequence  for  S5  when  ai  is  taken  is  based  on  the  assumption  that,  if 
in  this  period  no  action  is  taken  on  a  small  plume  of  high  concentration 
heavy  metals,  then  in  the  next  period  the  plume  will  be  classified  as 
large  and  abandonment  will  take  place.    The  consequences  for  S5  and  S7 
are  identical  to  those  of  S2  and  S3,  respectively.    The  assumptions  be- 
hind the  costs  for  either  Sg  or  S9  being  the  true  state  of  nature  and  tak- 
ing action  a^  are  based  on  the  need  for  abandonment  in  the  next  period 
(since  plume  size  is  now  too  large  for  recovery  in  each  case)  plus  an 
extra  cost  of  damages  caused  as  a  result  of  inaction.    These  damages  may 
be  related  to  increased  treatment  costs  at  the  municipal  water  treatment 
plant  or  they  may  be  damages  to  the  health  of  those  consuming  water  with 
undetected  leachate. 

Now  consider  that  the  action  taken  is  a.2,  with  a  total  cost  of 
$21,600.    Although  there  is  no  need  for  the  increased  sampling  in  the 
case  of  Si  occurring,  once  the  action  is  taken  benefits  result  from  in- 
creased knowledge  about  groundwater  quality.    These  benefits  can  be  con- 
sidered to  decrease  the  net  cost  of  the  action.    For  S^  being  the  true 
state  of  water  quality,  the  benefits  from  increased  knowledge  are  assumed 
to  be  $500.00.    The  idea  of  benefits  from  improved  knowledge  of  the 
groundwater  system,  and  perhaps  earlier  prediction  of  a  quality  problem, 
extends  to  S2  and  S3  also.    In  the  case  of  S2,  the  action  is  not  only  ap- 
propriate but  also  yields  a  $2,500  reduction  in  costs  due  to  informa- 
tional benefits.    Although  a2  is  not  the  appropriate  action  given  S3  oc- 
curring, and  in  the  next  period  increased  monitoring  is  assumed  to  take 
place,  benefits  of  $3,500  in  identification  of  the  heavy  metal  problem 
are  presumed  to  result.    Similar  to  the  reasoning  behind  the  consequence 
given  S2,  if  S4  existed  a  $2,500  infomation  gain  would  occur,  but  the 
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action  in  the  next  period  would  be  installation  of  a  recovery  well  sys- 
tem (34),  and  this  cost  must  be  added  to  the  cost  of  increased  sampling. 
Given  a  small  plume  of  high  concentration  of  heavy  metals  S5,  the  conse- 
quence is  similar  to  the  S^\a.i  cost  but  here  the  costs  of  sampling  are 
added.    The  costs  for  S5  and  Sy  are  based  on  the  same  reasoning  as  S2  and 
S3,  respectively.    Finally,  as  in  the  case  of  choosing  a^,  when  Sg  or  Sg 
occur,  the  consequences  are  assumed  to  be  those  of  abandonment  and  dam- 
ages, now  with  sampling  costs  included. 

Adding  two  more  downgradient  monitoring  wells  and  increasing  sam- 
pling frequency  characterize  action  33,  with  a  base  cost  of  $41,000.  In- 
formation benefits  resulting  from  an  action  apply  in  this  case  also. 
These  benefits  are  the  same  amounts  assumed  for  action  3-2       $500,  $2,500 
and  $3,500,  respectively,  for  Si,  S2  and  S3.    Hence,  these  benefits  are 
subtracted  from  the  base  cost  of  the  action  for  these  three  states  of  na- 
ture.   The  consequence  resulting  from  the  S4|a3  interaction  is  the  cost 
of  33  plus  next  period's  cost  of  installing  a  recovery  well  system  (34). 
However,  because  the  additional  wells  may  serve  the  same  purpose  as  the 
limited  site- investigation  these  costs  are  subtracted  from  the  total. 
Once  again  the  cost  for  the  true  state  being  S5  is  that  of  abandonment 
in  the  next  period  plus  the  costs  of  the  action  taken  in  the  current  pe- 
riod.   Also,  S5  and  Sy  have  the  same  consequence  as  when  S2  or  S3  occurs. 
Similarly,  the  consequences  for  Sg  and  Sg  follow  the  reasoning  given  for 
both  aj  and  a2. 

The  consequences  of  choosing  34  are  the  costs  of  pumping  groundwater 
from  the  aquifer  to  the  municipal  sewer  system,  assumed  to  be  $95,000  in 
this  case.    If  a  plume  of  high  concentration  sanitary  constituents  exists 
(S4  and  Sg) ,  this  is  the  appropriate  action.    Although  the  action  is  not 
appropriate  for  S^,  S2  or  S5,  there  are  also  no  adverse  effects  from  tak- 
ing it.    Therefore,  for  the  occurrence  of  one  of  these  three  states,  the 
cost  is  that  of  the  recovery  well  system.    However,  if  the  true  state  of 
nature  is  either  S3  or  Sy,  pertaining  to  heavy  metals  in  low  concentra- 
tion, then  there  is  assumed  to  be  some  damage  to  the  municipal  sewage 
treatment  plant.    Consequently,  this  damage  cost  is  added  to  the  cost  of 
the  recovery  system.    But,  if  S5  or  Sg  occurs,  then  the  consequence  is 
equal  to  the  cost  of  the  recovery  system,  damages  to  the  plant,  and  aban- 
donment in  the  next  period.    For  the  large  plume,  Sg,  the  additional  dam- 
ages due  to  health  costs  or  increased  treatment  at  the  supply  source  are 
included . 

The  consequences  of  undertaking  action  35,  at  a  cost  of  $170,000, 
are  the  same  for  all  of  the  states  of  nature  except  Sg.    For  Si  through 
S8,  the  costs  resulting  from       are  those  of  recovering  the  contaminated 
groundwater  (uncontaminated  in  the  case  of  Si)  and  then  treating  it  as 
if  it  contained  heavy  metals.    However,  when  Sg  is  encountered,  the  plume 
is  assumed  to  be  too  large  for  this  action  effectively  to  recover  all  of 
the  contamination.    Therefore,  abandonment  will  take  place  in  the  next 
period.    Thus,  the  costs  for  this  Sg|a5  interaction  are  abandonment  plus 
the  remedial  action  costs. 

Finally,  for  any  state  occurring,  the  costs  of  abandonment  (35)  re- 
main the  same  --  $1,000,000  for  development  of  an  alternative  supply. 
The  reasoning  behind  this  assumption  is  that,  although  there  is  loss  of 
the  resource  in  all  cases,  it  is  assumed  that  there  are  no  other  effects 
of  the  action.    Hence,  whether  the  action  is  appropriate  or  not,  its  costs 
are  invariant. 
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3.2.4    P/ii-o/L  P^obabAlyitlu.    The  prior  probabilities  are  derived 
from  the  knowledge  that  an  operator  has  ^about  the  state  of  nature  before 
any  experimental  sampling  is  performed.    The  prior  probabilities  may  be 
formed  from  either  data-based  or  non- data-based  sources.    For  this  anal- 
ysis, the  plume  sizes,  characteristic  constituents,  and  concentration 
levels  are  regarded  as  discrete  random  variables  and,  hence,  are  subject 
to  a  discrete  probability  distribution.    Three  sets  of  prior  probabili- 
ties were  used  in  the  analysis.    The  probabilities  were  established  on 
the  basis  of  present  belief  regarding  water  quality  parajneters  at  the 
landfill. 


Because  the  states  of  nature  are  comprised  of  three  components,  the 
formulation  of  the  priors  had  to  be  accomplished  in  three  steps.  The 
sum  of  the  probabilities  across  each  category  (i.e.,  plume  sizes)  had  to 
equal  one.    Within  each  plume  size,  the  sum  of  probabilities  of  either 
sanitary  constituents  or  heavy  metals  occurring  in  the  leachate  had  to 
be  one.    Lastly,  the  sum  of  the  probabilities  on  high  or  low  levels  had 
to  equal  one.    Thus,  for  each  set  of  priors  the  sum  is  one. 

Because  past  water  sampling  has  not  indicated  any  leachate  problem, 
the  prior  probability  of        the  state  of  no  leachate  entering  the  system 
is  quite  high.    However,  because  leachate  is  now  being  collected  on  the 
landfill  liner  surface  the  probability  is  not  negligible.    For  probabil- 
ity schemes  I  and  II,  the  likelihood  of  sanitary  relative  to  heavy  metals 
problems  and  low  relative  to  high  levels  were  considered  equal.    But,  for 
scheme  III,  the  likelihood  of  a  plume  being  characterized  by  sanitary  con- 
stituents was  given  greater  weight.    The  three  probability  sets  are  pre- 
sented in  Table  9. 


3.2.5    Conditional  VKobab-ltitloJi .    The  prior  knowledge  of  the  state 
of  groundwater  quality  can  be  refined  or  improved  through  the  use  of  mon- 
itoring wells.    Sampling  from  the  monitoring  network  can  provide  landfill 
operators  with  more  information  on  water  quality.    This  additional  infor- 
mation takes  the  form  of  predictors  (Z]<^)  of  water  quality  parameters. 
Different  monitoring  networks  will  provide  different  results,  some  more 
precise  in  predicting  the  true  state  of  water  quality  than  others.  The 
precision  level  of  a  network,  expressed  conditionally  on  the  states  of 
nature,  constitutes  a  sampling  distribution  for  the  estimators.    The  pre- 
dictors of  Sj^  used  here  are: 

no  leachates  detected; 

well  #1  detected  sanitary  constituents  in  low  concentration, 
well  #2  did  not; 

well  #1  detected  heavy  metal  constituents  in  low  concentration, 
well  #2  did  not; 

well  #1  detected  sanitary  constituents  in  high  concentration, 
well  #2  did  not; 

well  #1  detected  heavy  metal  constituents  in  high  concentration, 
well  #2  did  not; 

well  #2  detected  sanitary  constituents  in  low  concentration; 
well  #2  detected  hea\'y  metal  constituents  in  low  concentration; 
well  #2  detected  sanitary  constituents  in  high  concentration; 
well  #2  detected  heavy  metal  constituents  in  high  concentration. 

The  above  Zj^'s  are  for  the  two  downgradient  well  system.    When  dealing 
with  the  three  downgradient  well  system,  Z2  through  Z5  represent  sampling 
for  both  well  #1  and  well  #3.    Recall  that  well  #1  and  well  #2  give  the  ' 
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Table  9 


Prior  Probabilities 


Prior  Set  State  Probabilities 

S  .85 

S^  .025 

S^  .025 

S^  .025 

I  SZ  .025 

S^  .0125 

S^  .0125 

S^  .0125 

Sg  .0125 

S  .90 

S:;  .0175 

S^  .0175 

S^  .0175 

II  S^  .0175 

S^  .0075 

S^  .0075 

S^  .0075 

Sg  .0075 

S  .90 

S^  .021 

S^  .014 

S^  .021 

III  S^  .014 

S^  .009 

S^  .006 

S^  .009 

S(^  .  006 


precision  for  the  two  well  system  and  that  the  three  well  precision  level 
corresponds  to  all  three  downgradient  wells. 

Consider  a  monitoring  network  which  has  a  precision  level  of  U*. 
Associated  with  this  network  is  a  corresponding  set  of  conditional  proba- 
bilities, P(Zj^|Si).    As  background  for  developing  these  conditional  prob- 
abilities, several  remarks  are  in  order.    First,  states  Si  through  Sg 
represent  an  ordering  from  best  to  worst  case.    Results  Z]^  through  Zg  are 
their  corresponding  predictors  (not  always  accurate,  of  course).  There- 
fore, as  the  monitoring  system  becomes  more  accurate  (more  wells,  more 
frequent  monitoring) ,  this  increased  accuracy  is  reflected  in  larger 
P(Zi^|Si)  for  k=i  and  smaller  P(Zi^|Si)  for  k^i.    If  the  monitoring  system 
were  perfect,  the  P(Zi^|Si)  could  be  arranged  into  an  identity  matrix  of 
order  9. 

Since  the  data  were  unavailable,  it  was  necessary  to  construct  the 
matrix  of  conditional  probabilities  based  on  expert  judgment  and  a  set  of 
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assumptions.    The  expert  judgment  involved  eliciting  estimates  of  the 
accuracy  of  a  particular  monitoring  system.    The  experts  were  hesitant 
to  respond  with  probability  estimates,  and  perhaps  had  a  difficult  time 
formulating  their  experience  in  these  terms.     (See  Willis  and  Perlack 
[1980]  for  a  partial  survey  of  literature  indicating  the  limited  infor- 
mation processing  ability  of  the  human  mind  and  in  particular  to  the  for- 
mulation of  uncertain  events  in  a  probabilistic  context.    See  also  Lin, 
Dean  and  Moore  [1974]  in  this  latter  area.)    When  the  experts  did  re- 
spond with  a  probability  estimate,  it  seemed  clear  that  this  probability 
estimate  (P)  applied  to  larger  aggregates  of  states  than  the  nine  envi- 
sioned here.     It  is  assumed  that  the  states  are  viewed  as  three  groups: 
S^,  S2  through  S5,  and  S5  through  Sg;  i.e.,  no  plume,  small  plume,  and 
large  plume.    Thus,  their  responses  could  be  interpreted  as  P(Zi|Si); 
P(Z2,  Z3,  Z4  or  Z5  given  S^,  i=2,...,5);  P(Z5,  Zy,  Zg  or  Z9  given  S-^, 
i=6,...,9).    Finally,  it  is  assumed  that  P(Z]^|Si+2)  declines  with  in- 
creases in  the  size  of  j.    The  standard  normal  density  function  was  used 
to  approximate  this  decline. 

For  purposes  of  illustration,  the  procedure  used  in  the  formulation 
of  the  conditional  probabilities  for  this  model  are  presented  using  the 
90  percent  precision  level  given  by  one  expert.     (Two  estimates  of  preci- 
sion levels  of  90  and  85  percent  for  the  Amherst  landfill's  monitoring 
network  were  given,  respectively,  by  engineers  Tom  Coucher  and  Peter  Mock- 
rzecky.)    First,  recall  that  all  of  the  states  of  nature  fall  within  one 
of  the  three  plume  sizes;  no  plume,  small  plume,  and  large  plume.  Also, 
recall  that  each  of  the  plume  sizes  are  broken  into  four  characterizations 
(except  for  no  plume).    Because  each  characterization  is  a  discrete  random 
variable,  the  probabilities  are  discrete  in  form.    However,  within  each 
plume  size  the  states  of  nature  are  considered  to  be  ordered.    As  a  result, 
the  probability  of  the  sample  state  of  nature  Z]^  being  the  same  as  the  true 
state  of  nature  Si  is  distributed  among  the  four  possibilities  within  a 
plume  size.    An  illustration  of  this  distribution  is  presented  in  Figure  4. 

In  this  case,  the  true  state  of  groundwater  quality  is  represented  by 
S3.    By  constructing  a  confidence  interval  around  S3,  the  probability  of 
prediction  by  sample       can  be  found.    The  interval  around  a  state  can  be 
made  as  large  or  small  as  needed  depending  upon  the  precision  level.  For 
this  example,  the  area  under  the  curve  represented  by  Z3+1  and  is 
equal  to  .5036.    Thus,  the  probability  of  observing  Z3  given  S3  is  equal 
to  .5036.    The  remaining  39.64  percent  of  the  90  percent  confidence  level 
is  represented  by  the  probabilities  of  observing  Z2,  Z4  and  Z5  given  S3 
occurring.    Hence,  the  90  percent  precision  level  is  distributed  among 
the  four  small  plume  alternatives.    The  interpretation,  for  example,  of 
the  probability  of  Z5  resulting,  given  the  true  state  of  nature  is  S3,  is 
that  there  is  a  6.62  percent  chance  that  the  sample  will  predict  heavy 
metals  in  high  concentration  when  in  reality  they  exist  in  low  concentra- 
tion.   Since  Z2  through  Z5  account  for  90  percent  of  the  area  beneath  the 
curve,  the  remaining  10  percent  of  the  area  is  accounted  for  by  the  other 
five  Z-^. 

The  above  example  presents  one  of  the  precision  levels  for  the  three 
downgradient  well  system  analyzed  here.    One  other  precision  level  of  85 
percent  was  considered  for  this  system.    Three  different  levels  were  con- 
sidered for  the  two  well  system;  80,  70  and  60  percent.    By  using  these 
ranges,  the  changes  in  value  of  information  can  be  compared  with  respect 
to  relative  changes  in  monitoring  precision.    As  indicated,  the  two  pre- 
cision levels  of  90  and  85  percent  were  estimates  of  the  Amherst  landfill's 
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monitoring  network  precision  given  by  two  engineers  (Mockrzecky,  1983, 
and  Coucher,  1983).    The  range  of  80  to ^60  percent  chosen  for  the  two 
well  system  was  established  to  represent  the  change  in  precision  between 
a  three  and  a  two  well  system,  from  little  change  to  a  large  change. 
The  matrices  of  conditional  probabilities  representing  the  varying  pre- 
cision levels  are  provided  in  the  Appendix. 
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4.    Empirical  Results 

The  results  of  the  case  study  application  to  Amherst's  situation  are 
provided  in  the  section  immediately  below.    In  an  effort  to  generalize 
the  results  somewhat,  to  extend  to  other  situations  in  which  it  is  be- 
lieved that  the  likelihood  of  groundwater  contamination  is  higher,  we 
provide  a  further  set  of  simulations  in  the  subsequent  section. 


4.1    Amh^A^t  AppLicjOitLon.    The  expected  value  of  information  is  deter- 
mined by  the  difference  in  the  expected  value  of  the  decision  made  with 
and  without  the  sample  data.    Since  this  analysis  included  three  sets  of 
priors  and  five  sets  of  conditional  probabilities,  there  are  fifteen  pos- 
sible outcomes  to  the  problem.    Table  10  summarizes  the  results,  present- 
ing the  expected  value  of  information  for  all  fifteen  simulations  and 
also  for  the  case  of  perfect  information. 


Table  10 
Expected  Value  of  Information* 


Prior  Set 


Monitoring 

System 

I 

II 

III 

Precision 
Level 

1 

21.0941 

13.8675 

13.4072 

90 

2 

19.3709 

12.4632 

12.0099 

85 

3 

16.8129 

10.1195 

9.74306 

80 

4 

12.1507 

5.6825 

6.10395 

70 

5 

6.6888 

3.4833 

4.11298 

60 

EVPI 

36.0375 

23.7125 

22.01 

*Expressed  in  thousands  of  dollars. 


The  action  having  the  minimum  expected  value  given  only  the  prior 
information  was  ai,  that  of  taking  no  action,  in  all  three  scenarios. 
The  three  expected  values  were  $58,472.50,  $37,977.50  and  $34,563.00,  re- 
spectively, for  prior  sets  I,  II  and  III  (prior  sets  defined  in  Table  9). 
For  the  Bayesian  strategy,  the  only  actions  selected  as  minimizing  ex- 
pected value  given  the  varying  Zj^'s  were  ai,  a4  and  a5.    Recall  that  a.^ 
was  installing  a  recovery  well  system  and  using  the  municipal  sewage  sys- 
tem for  treatment,  and  that  a5  was  also  installing  a  recovery  well  system 
but  having  transport  of  wastes  to  an  off- site  treatment  facility  (Section 
3.2.2).    Among  these  actions,  the  one  chosen  for  a  particular  Zj^  result 
did  not  vary  much  throughout  the  15  solutions.    Only  in  the  case  of  per- 
fect sample  information  on  the  true  state  of  water  quality  were  all  six 
actions  chosen.    Of  course,  the  actions  chosen,  given  perfect  information, 
were  those  assumed  to  be  appropriate  originally. 

At  this  point  it  may  be  instructive  to  analyze  in  detail  one  set  of 
results.    The  results  based  on  a  90  percent  precision  level  for  the  three 
downgradient  well  monitoring  network,  the  most  optimistic  precision 


39 


estimate  given  by  experts,  and  prior  set  I  are  presented  below.    A  gen- 
eral overview  of  the  other  results  will  follow. 

Given  the  90  percent  precision  level  and  prior  set  I,  characterized 
by  P(S]^)  =  .85  and  equal  weighting  between  sanitary  relative  to  heavy  met- 
al constituents  and  low  relative  to  high  levels,  the  optimal  action  taken 
for  the  sampling  results  of       through  Z4  was  a^.    The  reason  for  this  is 
due,  partly,  to  the  high  prior  for  P(S]^)  as  compared  to  P(S2)  through 
P(S4)  --  .85  compared  with  .025.    Further,  for  each  of  these  cases,  the 
penalty  for  taking  action  a]^,  doing  nothing,  instead  of  the  appropriate 
action  (a2,  a.^,  or  a^)  is  relatively  small.    For  example,  in  the  case  of 
taking  ai  instead  of  ^2  which  is  increased  sampling  frequency,  when  S2,  a 
small  plume  of  low  concentration  sanitary  constituents,  is  the  true  state 
of  nature  the  penalty  or  cost  is  only  an  additional  $2,500.    Thus,  given 
the  posterior  probabilities,  the  expected  value  is  smaller  for  action  a^^. 
The  four  expected  values  for  these  sample  results  are:    Z^^la^  =  $545.78, 
Z2|ai  =  $6,563.70,  Z^l^i  =  $33,635.60,  Z4|ai  =  $145,066.70.    The  action 
chosen  as  minimizing  expected  values  for  sample  results  of  Z5  through  Z7 
was  35.    For  result  Z5,  indicating  a  small  plume  of  high  concentration 
heavy  metals,  this  is  the  appropriate  action.    However,  for  results  Z5 
and  Z7,  a  large  plume  of  low  concentration  sanitary  or  heavy  metal  consti- 
tuents, respectively,  it  is  not.    In  these  cases,  because  the  only  conse- 
quence of  taking  a5,  installing  a  recovery  well  system  with  off -site 
treatment,  is  the  cost  of  action  a^  itself  with  no  additional  costs,  the 
expected  value  is  less  than  for  the  other  actions  which  have  large  conse- 
quences for  the  action  taken  being  inappropriate.    The  expected  values 
are  Zslas  =  $171,848.00,  Z^\a^  =  $186,236.70,  and  Zylas  =  $24,549.50. 
Given  the  sample  result  being  either  Zg  or  Zg,  a  large  plume  of  high  con- 
centration sanitary  or  heavy  metal  constituents,  respectively,  the  opti- 
mal action  was  a4,  yielding  expected  values  of  $360,127.50  and  $952,559.00. 

For  this  scenario,  the  P(Z]^)'s  or  the  probabilities  of  a  sample  re- 
sult occurring  were,  respectively,  0.64798875,  0.15585125,  0.078835, 
0.0379275,  0.02435,  0.0157975,  0.01332,  0.011665  and  0.01392375.    The  ex- 
pected value  of  the  Bayesian  strategy,  therefore,  is  $37,378.40.  Thus, 
the  expected  value  of  information  in  this  case,  W  in  the  first  row  and 
column  of  Table  10,  is  $21,094.10  --  i.e.,  $58,472.50  less  $37,378.40. 

Overall,  for  the  three  cases  in  which  the  precision  of  the  monitoring 
network  is  at  a  90  percent  level,  the  optimal  action  for  sample  results  Zi 
through  Z4  is  a^^,  that  of  do  nothing.    For  results  Z5  through  Zy,  indicat- 
ing the  states  of  nature  of  a  small  plume  of  high  concentration  heavy  metal 
constituents,  a  large  plume  of  low  concentration  sanitary  constituents,  and 
a  large  plume  of  low  concentration  heavy  metal  constituents,  respectively, 
the  optimal  action  is  a5.    For  results  Z3  and  Zg  indicating  a  large  plume 
of  high  concentration  sanitary  or  heavy  metal  constituents,  respectively, 
the  optimal  action  is  a^. 

At  an  85  percent  precision  level,  using  prior  sets  I  and  II,  the  op- 
timal action  given  Z3  occurring  becomes  a5.  However,  for  the  model  using 
prior  set  III  (more  weighting  on  the  probability  of  sanitary  constituents 
occurring  than  heaA^^  metals  occurring) ,  the  optimal  action  for  Zg  remains 
a^  at  this  precision  level. 

The  actions  minimizing  expected  value  at  the  80  percent  precision 
level  are  the  same  as  those  at  the  85  percent  level.  But,  now  for  the 
case  using  prior  set  III,  the  optimal  action  for  Zr.  becomes  ar. 
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For  the  70  percent  precision  level  considered  representative  of  the 
two  do^ngradient  well  system,  once  again  the  models  using  prior  sets  I 
and  II  differed  in  optimal  actions  from  the  model  using  set  III.    In  the 
two  first  cases,  Zi  through  Z4  continue  to  indicate  action  ai  as  that  ac- 
tion minimizing  expected  value.    Action  as  is  the  optimal  action  for  sam- 
ple results  Z5  to  Zg,  inclusive.    However,  for  the  model  using  prior  set 
III,  the  action  minimizing  expected  value  for  example  results  Z^  through 
Z4  is  still  ai,  and  ai  is  also  now  the  optimal  action  for  Z5  and  Zg, 
while  a^  is  for  the  remainder. 

The  lowest  precision  level  considered  in  the  case  study  was  that  of 
sixty  percent.    For  the  model  using  prior  set  I,  ai  was  the  optimal  ac- 
tion for  Zi  through  Z5  (similar  to  the  70  percent  level  using  prior  set 
III).    The  optimal  action  for  the  remaining  possible  sample  results,  Zy, 
Zg  and  Zg  was  a^,.    Hence,  the  two  dominant  actions  throughout  the  15  sce- 
narios are  ai  and  as.    The  action  a4  only  comes  into  effect  at  the  90  and 
85  percent  precision  levels. 

Recall  that  the  90  and  85  percent  levels  represent  estimates  of  pre- 
cision of  the  three  downgradient  well  system  given  by  two  engineers.  By 
looking  at  rows  one  and  two  of  Table  10,  a  comparison  between  the  value 
of  information  for  each  precision  level  can  be  made.    Consider  rows  one 
and  two  of  column  one,  models  using  the  prior  set  I.    The  difference  in 
the  value  of  information  between  the  two  is  about  $1,725.    Similarly,  the 
difference  between  the  value  of  information  for  the  two  precision  levels 
given  by  prior  sets  II  and  III  is  about  $1,400.    These  differences  seem 
sufficiently  slight  so  as  to  make  it  of  little  consequence  to  determine 
whether  the  true  precision  level  is  85  or  90  percent.    However,  as  will  be 
seen  shortly,  these  differences  in  the  value  of  information  between  the 
precision  levels  will  be  important  in  comparison  of  the  three  downgradient 
well  system  with  the  hypothesized  precision  levels  of  the  two  well  system. 

Before  comparing  the  three  well  system  to  the  two  well  system,  knowl- 
edge can  be  gained  from  the  difference  in  the  value  of  infomation  figures 
for  the  two  alternative  three  well  precision  levels.    Referring  back  to 
the  90  and  85  percent  levels  for  prior  set  I,  the  difference  was  $1,725. 
Now  if  we  assume  the  85  percent  level  to  be  the  correct  precision  level  at 
the  Amherst  facility,  the  possible  decision  to  add  another  downgradient 
well  (the  fourth),  raising  the  precision  level  to  90  percent,  can  be  ana- 
lyzed.   If  the  cost  of  the  fourth  well  is  greater  than  $1,725,  as  it  is 
likely  to  be  since  well  costs  were  quoted  at  approximately  $2,500,  then 
from  an  economic  efficiency  point  of  view  the  fourth  well  should  not  be 
installed.    Although  the  value  of  information  from  the  90  percent  preci- 
sion level  is  still  greater  than  the  costs  (approximately  $10,000)  of  ob- 
taining that  precision  level,  the  marginal  value  of  the  fourth  well  is 
not  greater  than  its  marginal  costs.     (This  is  similar  to  the  example  pre- 
sented in  Figure  1.    Here,  the  90  percent  level  could  be  represented  by 
the  monitoring  level  of  Ui,  still  feasible  but  beyond  the  point  of  opti- 
mality.)    The  same  conclusions  result  using  either  prior  set  II  or  III  as 
the  base  model. 

The  prior  probability  sets  used  in  the  model  were  chosen  to  represent 
two  levels  of  knowledge  about  the  present  groundwater  quality  at  the  land- 
fill site.    Probabilities  of  85  and  90  percent  were  assigned  to  the  likeli- 
hood that  Si,  no  leachate  plume,  was  the  true  state  of  nature.    By  compar- 
ing the  value  of  information  figures  under  these  two  prior  levels,  the 
value  of  monitoring  given  differing  accuracies  of  prior  knowledge  can  be 
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determined.    For  example,  the  value  of  information  at  the  90  percent  pre- 
cision level  for  prior  set  I,  PCS^)  =  .85,  is  equal  to  about  $21,000.  The 
value  of  information  for  the  same  precision  level,  but  under  prior  set  II, 
PiSi)  =  .90  (set  II  assumed  in  order  to  compare  systems  with  similar 
weightings  for  sanitary  relative  to  heavy  metal  constituents  and  low  rela- 
tive to  high  concentrations),  is  equal  to  $14,000.    The  difference  in  the 
value  of  information  due  only  to  the  variation  in  the  prior  probabilities 
is  then  equal  to  approximately  $7,000.    In  general,  the  accuracy  of  the 
prior  knowledge  has  much  to  say  about  the  value  of  monitoring  --  if  a  lot 
is  known  about  groundwater  quality  before  monitoring  is  undertaken,  the 
monitoring  has  relatively  little  informational  value. 

The  levels  used  in  this  analysis  to  describe  the  precision  of  a  two 
downgradient  well  system  were  80,  70  and  60  percent.    These  were  alterna- 
tive estimates  about  the  accuracy  of  the  landfill  monitoring  system  with- 
out one  of  the  downgradient  wells.    For  illustration,  the  70  percent  pre- 
cision level  will  be  compared  to  the  85  percent  precision  level  for  the 
three  well  system.    At  the  70  percent  level  the  value  of  information 
(using  prior  set  I)  is  equal  to  about  $12,000.    The  difference  in  the 
value  of  information  for  this  level  and  that  of  the  85  percent  level  is 
the  value  of  information  attributed  to  the  third  downgradient  well.  Here, 
that  value  is  equal  to  roughly  $7,250.    Therefore,  the  value  of  the  third 
well  is  much  greater  than  its  assumed  costs  of  $2,500.    Hence,  for  this 
case,  adding  the  third  downgradient  well  is  an  economically  justified  ac- 
tion, and  is  also  movement  towards  the  optimal  precision  level.    The  same 
conclusion  holds  for  a  comparison  between  these  two  levels  for  the  two 
other  models  using  prior  sets  II  and  III.    However,  the  value  of  informa- 
tion attributed  to  the  third  well  is  less  in  each  case,  approximately 
$6,700  and  $6,000,  respectively.    Clearly,  if  the  value  of  information  of 
a  third  well  is  greater  than  its  costs  at  a  70  percent  precision  level, 
it  will  also  be  true  for  the  60  percent  level,  having  greater  value  given 
the  60  percent  level.    Increasing  precision  from  an  80  percent  to  an  85 
percent  level  may,  however,  not  be  economically  justified.    In  all  three 
models,  the  benefits  gained  from  the  third  well  would  be  close  to  its 
costs.    Thus,  although  the  value  of  the  system  at  an  85  percent  level 
would  still  be  greater  than  the  costs  of  the  system,  the  decision  would 
be  marginal. 


4.2    Extmde,d  R<i^utt6.    In  order  to  determine  whether  the  results  of  the 
Amherst  case  study  could  be  extended  to  other  situations  in  which  the 
likelihood  of  contamination  is  greater,  additional  simulations  were  per- 
formed.   Each  of  these  simulations  used  the  90  percent  precision  level  as 
representative  of  the  three  downgradient  well  system  and  the  70  percent 
precision  level  representing  the  two  well  system. 

To  simulate  aquifers  with  greater  odds  of  being  contaminated,  the 
three  prior  probability  sets  (I,  II  and  III)  were  modified  successively 
by  reducing  P(Si)  by  .05  and  apportioning  this  .05  among  the  remaining 
states  of  nature  in  the  same  proportion  as  the  original  P(Si) .  Eight 
such  prior  probability  sets  were  generated  corresponding  with  each  of  the 
three  case  study  priors.    These  are  provided  in  Table  11.    Note  that  al- 
ternatives 1  through  8  represent  situations  in  which  the  likelihood  of 
contamination  steadily  increases. 

The  analysis  perfonned  in  the  previous  section  was  repeated  using 
these  alternative  priors  (representations  of  aquifer  conditions) . 
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Specifically,  the  EVPI  was  calculated,  along  with  the  expected  value  of 
information  associated  with  the  two  and  the  three  well  systems.  These 
results  are  depicted  in  Table  12.    Consistent  with  the  case  study  find- 
ings, the  expected  value  of  information  from  both  systems,  as  well  as 
for  perfect  information,  increased  monotonically  as  PiSj)  declined. 
Further,  in  each  case  the  increase  was  approximately  linearly  related 
to  this  decline  in  P(Si).    It  is  worthy  of  note  that  the  benefits  of  in- 
formation from  the  two  well  system  grow  linearly  at  a  slower  rate  than 
do  the  benefits  for  the  three  downgradient  well  system.    Hence  the  mar- 
ginal benefits  of  the  third  well  (last  column  of  Table  12)  increase  lin- 
early as  P(S^)  declines. 

Table  12 

Value  of  Information  with  Alternative  Priors* 


Prior 

3  Well 

2  Well 

Set 

Alternative 

EVPI 

System 

System 

Difference 

1 

48.05 

28.3125 

18.6206 

9.69 

2 

60.0625 

35.8853 

25.0905 

10.79 

3 

72.075 

43.756 

31.5604 

12.20 

4 

84.0875 

51.6266 

38.0303 

13.60 

I 

5 

96.1 

59.4973 

44.5003 

14.99 

6 

108.112 

67.3679 

50.9702 

16.4 

7 

120.125 

75.2386 

57.5342 

17.70 

8 

132.137 

83.1093 

64.9622 

18.15 

1 

35.5688 

21.0817 

12.1533 

8.93 

2 

47.425 

28.2959 

18.624 

9.67 

3 

59.2813 

36.0203 

25.0948 

10.93 

4 

71.1375 

43.918 

31.5655 

12.35 

II 

5 

82.9938 

51.8157 

38.0363 

13.78 

6 

94.85 

59.7133 

44.507 

15.21 

7 

106.706 

67.611 

50.9778 

16.63 

8 

118.563 

75.5087 

57.7742 

17.73 

1 

33.015 

20.3913 

11.541 

8.85 

2 

44.02 

27.3754 

17.8077 

9.57 

3 

55.025 

34.3595 

24.0744 

10.29 

4 

66.03 

41.3436 

30.3411 

11.00 

III 

5 

77.035 

48.3277 

36.6078 

11.72 

6 

88.04 

55.5943 

42.8744 

12.72 

7 

99.045 

62.9771 

49.1411 

13.84 

8 

110.05 

70.3599 

55.4078 

14.95 

*A11  values  in  thousands  of  dollars. 


In  each  case,  the  addition  of  a  third  downgradient  well  produces  ex- 
pected benefits  well  in  excess  of  the  likely  cost.    Thus,  for  situations 
similar  to  our  case  study,  the  proposed  regulation  makes  economic  sense. 
Further,  if  the  probabilities  of  a  contaminated  aquifer  are  higher,  but 
all  other  factors  are  similar,  the  third  downgradient  well  is  even  more 
justified. 
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5.  Conclusions 


The  aim  of  this  research  was  to  establish  a  framework  for  valuing 
the  information  gained  from  groundwater  monitoring  at  sanitary  landfills. 
The  impetus  for  the  analysis  was  the  regulation  proposed  by  DEQE  requir- 
ing three  downgradient  monitoring  wells  at  all  sanitary  landfills  in  the 
state.    This  requirement  means  increasing  the  number  of  downgradient  mon- 
itoring wells  for  the  majority  of  landfills  in  the  state,  which  presently 
have  two  downgradient  wells.    By  proposing  this  requirement,  the  DEQE  has 
implicitly  placed  a  value  on  the  information  produced  by  the  additional 
downgradient  well. 

The  first  objective  was  to  estimate  the  value  of  information  attrib- 
utable to  the  third  well.  The  second  objective  was  to  find  an  economic 
limit  to  the  amount  of  monitoring  at  a  landfill  facility,  using  the  value 
of  information.  In  order  to  accomplish  both  of  these  objectives,  a  meth- 
odology for  determining  the  value  of  infomation  from  monitoring  networks 
with  varying  precision  levels  had  to  be  established.  The  methodology 
utilized  was  that  of  a  Bayesian  theoretic  approach. 

The  sanitary  landfill  facility  in  Amherst,  Massachusetts  was  used 
as  a  case  study  for  the  analysis.    Two  precision  levels  of  90  and  85  per- 
cent were  assumed  for  the  three  downgradient  well  system  existing  at  the 
facility.    A  range  of  precision  levels,  80,  70  and  60  percent  was  chosen 
to  represent  the  hypothetical  two  downgradient  well  system.    In  analyzing 
DEQE's  proposed  regulations,  a  comparison  between  the  value  of  informa- 
tion from  a  precision  level  for  the  three  downgradient  well  system  with 
that  for  the  two  downgradient  system,  provides  the  marginal  expected 
value  of  information  specific  to  the  third  well.    If  the  90  percent  and 
70  percent  precision  are  assumed  to  be  the  actual  levels  of  the  two  sys- 
tems, the  value  of  information  attributed  to  the  third  well  is  approxi- 
mately $9,000,  $8,000  and  $7,000,  respectively,  for  prior  sets  I,  II  and 
III.    However,  if  85  and  70  percent  are  the  true  precision  levels,  then 
the  value  of  infomation  gained  from  the  third  well  is  about  $7,000  for 
all  three  prior  sets.    In  any  of  these  scenarios,  the  expected  value  of 
infomation  is  greater  than  the  marginal  costs  of  adding  the  third  well. 
Hence,  the  requirement  of  the  third  well  would  be  economically  justified 
for  these  cases.    However,  if  the  two  precision  levels  are  85  and  80  per- 
cent, the  marginal  cost  of  the  third  well  is  as  great  as,  or  greater 
than,  the  value  of  infomation  gained  from  its  addition  to  the  monitor- 
ing network.    Thus,  the  requirement  of  the  third  well  may  not  be  justi- 
fied. 

Recall  that  the  optimal  level  of  monitoring  precision  is  that  level 
at  which  the  marginal  benefits  are  equal  to  marginal  costs.  Therefore, 
the  costs  of  the  last  well  should  be  equal  to  the  benefits  gained  from 
its  infomation.    Unless  this  is  true,  either  adding  another  well  will 
have  gains  greater  than  its  cost  or  adding  another  well  will  have  costs 
greater  than  its  gains.    Examples  of  both  situations  can  be  found  in 
this  study.    For  example,  if  the  two  downgradient  well  system  has  an  85 
percent  precision  level,  then  increasing  the  precision  to  the  90  percent 
level  by  adding  a  third  well  is  not  economically  justified  since  the  ben- 
efits gained  from  the  infomation  from  that  well  are  less  than  the  costs 
of  the  well.    On  the  other  hand,  going  from  a  60  percent  precision  level 
to  an  85  percent  level  is  economically  justified  since  the  gains  are 
greater  than  the  costs. 
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In  considering  the  overall  value  of  information  from  monitoring, 
the  value  changes  over  the  different  prior  schemes.    For  the  system  with 
a  90  percent  precision  level,  the  value  of  information,  given  prior 
knowledge  predicting  an  85  percent  likelihood  of  no  leachate  entering 
groundwater  (prior  set  I),  is  equal  to  roughly  $21,000.    At  the  same 
precision  level  for  the  monitoring  system,  but  assuming  either  of  the 
other  prior  schemes  having  a  90  percent  likelihood  of  no  leachate  enter- 
ing groundwater  (sets  II  and  III),  the  value  of  information  is  roughly 
$13,500.    Given  a  monitoring  network  with  an  85  percent  precision  level, 
the  value  of  information  is  approximately  $19,000  for  prior  set  I,  and 
$12,000  for  both  prior  sets  II  and  III.    Hence,  the  monitoring  networks 
represented  by  these  precision  levels  yield  sampling  information  of 
greater  value  than  their  assumed  costs. 

Finding  an  upper  limit  on  the  value  of  information  at  the  Amherst 
facility  entailed  deriving  the  value  of  information  given  perfect  knowl- 
edge about  groundwater  quality  at  the  facility.    Our  findings  indicated 
the  expected  value  of  perfect  information  given  the  three  prior  sets  was 
close  to  $36,000,  $24,000  and  $22,000  respectively.    These  values  set 
the  upper  limit  on  monitoring  costs  that  should  be  undertaken.  However, 
these  limits  should  never  be  reached  because  the  cost  of  perfect  infor- 
mation would  be  prohibitive. 

The  values  estimated  in  this  study  are  to  be  considered  illustra- 
tive only.    Because  of  the  difficulty  encountered  in  obtaining  data  on 
costs  of  remedial  actions,  the  figures  used  are  assumptions  concerning 
the  magnitudes  of  costs  that  might  be  realized.    With  better  information 
on  actions  that  might  actually  be  undertaken  given  a  leachate  contamina- 
tion problem,  and  more  accurate  costs  of  those  actions  for  the  specific 
hydrogeology  of  a  landfill  site,  the  methodology  established  here  could 
be  used  to  determine  the  optimal  precision  level  for  the  landfill  facil- 
ity in  question. 

One  limitation  of  this  analysis  was  the  time  frame  used  in  deter- 
mining costs.    Instead  of  the  two  period  framework,  a  more  appropriate 
time  period  may  be  a  much  larger  number  of  years.    By  considering  the 
costs  over  several  years  in  present  value  terms,  the  consequences  of  the 
state/action  interactions  may  become  more  realistic.    Also,  a  better 
estimate  of  the  value  of  information  gained  from  a  monitoring  network 
precision  level  for  the  lifetime  of  the  facility  could  be  provided. 
Once  again,  however,  in  order  to  estimate  the  value  of  information  over 
several  time  periods,  more  accurate  data  than  could  be  obtained  for  this 
research  would  be  needed. 

Beyond  the  question  of  the  optimal  number  of  monitoring  wells  at  a 
sanitary  landfill  facility,  there  are  several  other  important  consider- 
ations.   One  is  the  design  and  siting  of  the  monitoring  wells.  Pres- 
ently, debate  is  ongoing  among  those  familiar  with  the  operation  and  de- 
sign of  monitoring  networks.    This  debate  centers  on  the  question  of 
whether  the  wells  should  be  located  at  a  landfill  area  perimeter  or  the 
facility  boundary.    An  evaluation  of  the  merit  of  either  position  is  be- 
yond the  scope  of  this  research,  but  should  be  seriously  considered  in 
the  final  framing  of  the  proposed  requirements.    The  final  proposal 
should  require  wells  to  be  sited  so  as  to  maximize  the  informational 
value  resulting  from  that  design  of  monitoring  network. 
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Additionally,  in  many  situations,  increased  sampling  frequency  from 
wells  may  provide  early  detection  of  a  leachate  problem.    At  this  time, 
sampling  is  only  required  every  six  months.    But,  more  frequent  sampling 
may  be  required  if  a  contamination  problem  is  suspected.    From  the  re- 
sults of  this  research,  if  one  assumes  increased  sampling  to  result  in 
an  increase  in  the  accuracy  or  precision  of  a  network,  then  a  greater 
frequency  than  twice  a  year  may  be  justified  based  on  the  value  of  infor- 
mation from  the  sampling.    Once  the  wells  have  been  installed,  the  margi- 
nal cost  of  each  sample  is  relatively  low.    The  optimal  sampling  fre- 
quency should  be  determined  similarly  to  the  determination  of  the  opti- 
mal number  of  monitoring  wells.    Based  on  the  results  of  this  research, 
it  seems  likely  that  it  is  economically  justified  to  increase  the  fre- 
quency of  sampling. 

Another  concern  with  the  proposed  regulations  is  with  how  the  moni- 
toring and  other  requirements  were  formulated.    During  the  research  for 
this  study,  the  lack  of  economic  justification  became  apparent.    The  num- 
ber of  wells  to  require  should  not  be  determined  arbitrarily,  but  rather 
should  be  based  on  economic  criteria.    Our  analysis  suggests  the  proposed 
regulations  may  be  quite  rational  from  an  economic  perspective;  but  this 
should  not  be  left  to  chance.    Also,  concern  over  the  real  objectives  of 
the  proposed  monitoring  requirements  developed.    In  addition  to  the  in- 
formational value  that  monitoring  wells  could  have,  they  constitute  a  re- 
quirement which  would  increase  the  costs  of  operating  a  landfill.    By  in- 
creasing these  costs,  communities  would  be  given  an  incentive  to  move 
toward  refuse  reuse  and  recovery  plans.    This  may  be  a  desirable  direc- 
tion.   However,  from  an  economic  efficiency  stance  this  same  incentive 
could  be  given  in  a  more  efficient  manner,  such  as  through  taxation.  If 
this  is  part  of  the  reason  for  the  monitoring  proposals,  perhaps  it  should 
be  made  explicit. 

Unrelated  to  the  actual  monitoring  question,  but  equally  important, 
in  the  overall  groundwater  protection  issue  is  that  of  land  use.  The 
Aquifer  Recharge  Protection  Program  is  an  existing  state  program  for 
communities  to  receive  state  aid  for  the  purchase  of  land  forming  major 
aquifer  recharge  zones.    Amherst  and  Belchertown  are  two  towns  which 
have  together  applied  to  the  state  to  receive  funding.    However,  the  re- 
charge area  which  these  two  towns  wish  to  buy  is  part  of  the  Lawrence 
Swamp,  which  is  also  the  location  of  the  municipal  sanitary  landfill  used 
by  the  communities.    It  would  seem  that  the  first  step  in  aquifer  protec- 
tion is  the  consideration  of  the  land  use  in  the  area. 


47 


REFERENCES 


American  Society  of  Civil  Engineers.    1972.    Groundwater  Management. 
Manuals  and  Reports  on  Engineering  Practice. 

Andersen,  J.  C. ,  H.  H.  Hiskey,  and  S.  Lackawathana .    1971.  Application 
o£  Statistical  Decision  Theory  to  Water  Use  Analysis  in  Sevier 
County,  Utah.    Water  Resources  Research.    7(3) :443-452. 

Baquet,  A.  E.,  A.  N.  Halter,  and  P.  S.  Conklin.    1976.    The  Value  of 

Prost  Forecasting:    A  Bayesian  Appraisal.    Am.  Joum.  Agric.  Econ. 
58(3):511-520. 

Bamett,  V.    1973.    Comparative  Statistical  Inference.    Wiley,  New  York. 

Bouwer,  H.    1978.    Groundwater  Hydrology.    McGraw  Hill,  New  York. 

Carlson,  G.  A.    1970.    A  Decision  Theoretic  Approach  to  Crop  Disease  Pre- 
diction and  Control.    Am.  Joum.  Agric.  Econ.    52 (2) :  216-223. 

Chernoff,  H.  and  L.  E.  Moses.    1959.    Elementary  Decision  Theory.  Wiley 
and  Sons,  New  York. 

Code  of  Federal  Regulations,  Section  40:256-257. 

Code  of  Massachusetts  Regulations,  Section  310,  1901  et  seq. 

Coucher,  T.    1983.    Engineer  with  Tighe  ^  Bond.    Personal  Communication, 
October . 

Davis,  D.  R.  and  W.  M.  Dvoranchik.    1971.    Evaluation  of  the  Worth  of 
Additional  Data.    Water  Resources  Bulletin.    7(4) : 700-707. 

Dawdy,  D.  R.    1979.    The  Worth  of  Hydrologic  Data.    Water  Resources  Re- 
search. 15(6):1726-1732. 

Dawdy,  D.  R. ,  H.  E.  Kubik,  and  E.  R.  Close.    1970.    Value  of  Streamflow 
Data  for  Project  Design  -  A  Pilot  Study.    Water  Resources  Research, 
6(4):1045-1050. 

Department  of  Environmental  Quality  Engineering.    1983.  Regulations 
for  the  Disposal  of  Solid  Wastes  by  Sanitary  Landfill.  Public 
Discussion  Draft.    40  pp. 

Dyksen,  J.  E.  and  A.  F.  Hess,  III.    1982.    Alternatives  for  Controlling 
Organics  in  Groundwater  Supplies.    Joum.  Amer.  Water  Works  Assn. 
74(8):394-403. 

Eidman,  V.,  G.  Dean,  and  H.  Carter.    1967.    An  Application  of  Statisti- 
cal Decision  Theory  to  Commercial  Production.    Joum.  Farm  Econ. 
49(4):852-868. 

Environmental  Protection  Agency.    1977.    Procedures  Manual  for  Ground- 
water Monitoring  at  Solid  Waste  Disposal  Facilities. 

Environmental  Protection  Agency.    1977.    The  Report  to  Congress:  Waste 
Disposal  Practices  and  Their  Effects  on  Ground  Water.  January. 


48 


Food  and  Agricultural  Organization  of  the  United  Nations.    1979.  Ground- 
water Pollution:    Technology,  Economics,  and  Management.  Rome. 

Gates,  J.  S.  and  C.  C.  Kisiel.    1974.    Worth  of  Additional  Data  to  a  Dig- 
ital Computer  Model  of  a  Groundwater  Basin.    Water  Resources  Re- 
search. 10(5):1031-1038. 

Giddings,  T.    1982.    The  Utilization  of  a  Ground  Water  Dam.    Ground  Water 
Monit.  Rev.    Fall.    pp.  26-28. 

Halter,  A.  N.  and  G.  W.  Dean.    1971.    Decision  Under  Uncertainty.  South- 
western Publishing  Company,  Cincinnati. 

Hazardous  Waste  Landfills.    1981.    Envir.  Sci.  and  Tech.    15 (3) : 250-253. 

Hillier,  F.  S.  and  G.  J.  Lieberman.    1980.    Introduction  to  Operations 
Research.    Holden-Day,  Inc.,  San  Francisco. 

Hirshleifer,  J.  and  J.  G.  Riley.    1979.    The  Analytics  of  Uncertainty 
and  Information  -  An  Expository  Survey.    Joum.  Econ.  Lit.  17(3): 
1375-1421. 


Jerome,  Lawrence  E.    1983.    Hazardous  Materials:    Silicon  Valley's  Model 
Ordinance.    Environment.    25(8): 5-44.  October. 

Josephson,  J.    1980.    Groundwater  Strategies.    Envir.  Sci.  and  Tech. 
14(9):1030-1035. 

Josephson,  J.    1980.    Safeguards  for  Groundwater.    Envir.  Sci.  and  Tech. 
14(l):38-44. 

Josephson,  J.    1981.    Groundwater  Monitoring.    Envir.  Sci.  and  Tech. 
15(9):993-996. 

Josephson,  J.    1982.    Protecting  Public  Groundwater  Supplies.  Envir. 
Sci.  and  Tech.    16(9) : 502A-505A. 

LeGrand,  H.  E.  1964.  System  for  Evaluation  of  Contamination  Potential 
of  Some  Waste  Disposal  Sites.  Journ.  Amer.  Water  Works  Assn.  56: 
959-967. 

Lehr,  J.  H.  and  D.  M.  Nielsen.    1982.    Editorial.    Groundwater.  20(6): 
650-656. 


Lin,  W.,  G.  W.  Dean,  and  C.  V.  Moore.  1974.  An  Empirical  Test  of  Util- 
ity vs.  Profit  Maximization  in  Agricultural  Production.  Am.  Joum. 
Agric.  Econ.    56(3) :497-508. 

Lyons,  M.  1983.  Department  of  Environmental  Management.  Personal  Com- 
munication, October. 

McAniff,  R.  J.  and  C.  E.  Willis.    1976.    The  Value  of  Data  Acquisition 
from  Water  Quality  Monitoring.    Publication  No.  80,  Water  Resources 
Research  Center,  University  of  Massachusetts,  October. 

Haddock,  T.  1973.  Management  Model  as  a  Tool  for  Studying  the  Worth  of 
Data.    Water  Resources  Research.    9(2) : 270-280. 


49 


Massachusetts  Division  of  Water  Resources.    1979.    Groundwater  and  Ground- 
water Law  in  Massachusetts. 


Massachusetts  General  Laws.    Chapter  111,  Section  150A. 

Metcalf  and  Eddy.    1980.    Letter  Report  to  the  Town  of  Amherst,  Massa- 
chusetts on  the  Engineering  Update  of  1976  Reports.    March  3. 

Metcalf  and  Eddy.    1982.    Operating  Plan  for  the  Amherst,  Massachusetts 
Sanitary  Landfill.  October. 

Miller,  D.  W.    1979.    Controlled  Degradation  and/ or  Protection  Zone  -- 
The  Way  It  Looks.    Ground  Water.    17(2) :156-158. 

Mockrzecky,  P.    1983.    Department  of  Environmental  Engineering.  Personal 
Communication,  July  29. 

Morzuch,  B.  J.  and  C.  E.  Willis.    1982.    Value  of  V/eather  Information  in 
Cranberry  Marketing  Decisions.    Journ.  Applied  Meteorol.  21(4): 
499-504. 

Moss,  Marshal.    1970.    Optimum  Operating  Procedure  for  a  River  Gauging 
Station  Established  to  Provide  Data  for  Design  of  a  V/ater  Supply 
Project.    Water  Resources  Research.    6(4) :  1051-1061. 

Moss,  M.  E.  and  M.  R.  Karlinger.    1974.    Surface  Water  Network  Design  by 
Regression  Analysis  Simulation.    Water  Resources  Research.  10(3): 
427-433. 

Motts,  W.  S.    1982.    Hydrogeology  and  Water  Resources  of  Amherst,  Massa- 
chusetts.   Study  conducted  for  Hampshire  Geological  Associates  and 
Town  of  Amherst. 

Motts,  W.  S.  and  K.  O'Brien.    1981.    Geology  and  Hydrology  of  Wetlands 
in  Massachusetts.    Publication  No.  123,  Water  Resources  Research 
Center,  University  of  Massachusetts,  October. 

Motts,  W.  S.,  K.  O'Brien,  S.  Wahen  and  D.  Haines.    1983.    Feasibility  of 
Increasing  Water  Supplies  and  Preventing  Environmental  Damage  by 
Artificial  Recharge  in  Massachusetts.    Publication  No.  132,  Water 
Resources  Research  Center,  University  of  Massachusetts,  January. 

Pawley,  J.  D.    1982.    Groundwater  Pollution:    A  Case  Study.    Joum.  Amer. 
Water  Works  Assn.     74(8) : 405-407. 

Quince,  J.  R.  and  G.  L.  Gardner.    1982.    Recovery  and  Treatment  of  Con- 
taminated Groundwater,  Part  I.    Ground  Water  Monitor.  Rev.  Summer, 
pp.  18-22. 

Raiffa,  H.  and  R.  Schlaifer.    1961.    Applied  Statistical  Decision  Theory. 
MIT  Press,  Cambridge. 

Raucher,  R.  L.    1983.    A  Conceptual  Framework  for  Measuring  the  Benefits 
of  Groundwater  Protection.    Water  Resources  Research.    19(2): 320- 
326. 


50 


Rausser,  G.  C. ,  S.  R.  Johnson,  and  C.  E.  Willis.    1983.    Systems  Science 
and  Natural  Resource  Economics.    Internat.  Joum.  Systems  Sci. 
14(8):829-858. 

Ryan,  D.  R.  1977.  A  Bayesian  Framework  for  Deriving  Value  of  Informa- 
tion Benefits  from  Water  Quality  Monitoring.  Masters  Thesis,  Uni- 
versity of  Massachusetts,  Amherst. 

Schwalbaum,  J.  1983.  Hydrogeology  and  Geochemistry  of  the  Old  Amherst 
Landfill,  Amherst,  Massachusetts.  August. 

Sherwani,  J.  K.  and  D.  H.  Moreau.    1975.    Strategies  for  Water  Quality 
Monitoring.    Water  Resources  Research  Institute. 

Smith,  J.    1983.    Town  Engineer  for  Town  of  Amherst,  Massachusetts.  Per- 
sonal Communication,  September. 

Special  Legislative  Commission  on  Water  Supply.    1981.    Water  Quality 
Issues  in  Massachusetts:    Chemical  Contamination.  October. 

United  States  Code  T.42.  Section  6941-6956.    Resource  Conservation  and 
Recovery  Act  of  1976. 

Willis,  C.  E.  and  R.  D.  Perlack.    1980.    A  Comparison  of  Generating  Tech- 
niques and  Goal  Prograiriming  for  Public  Investment,  Multiple  Optimal 
Decision  Making.    Am.  Joum.  Agric.  Econ.  68(l):66-74. 

Willis,  C.  E.  and  R.  D.  Perlack.    1980.    Multiple  Objective  Decision  Mak- 
ing:   Generating  Techniques  or  Goal  Programming.    Joum.  Northeast 
Agric.  Econ.  Council.    9(1): 1-6. 

Ziomeck,  S.    1983.    Department  of  Public  Works,  Town  of  Amherst.  Per- 
sonal Communication,  September. 


51 


APPENDIX 


In  Section  3.2.5,  it  was  stated  that' a  set  of  conditional  probabil- 
ities can  be  formulated  so  as  to  define  the  precision  level  of  a  given 
monitoring  network.    Recall  that  an  example  of  a  monitoring  network  with 
a  90  percent  precision  level  was  presented.    Figure  4  shows  the  distribu- 
tion representing  this  precision  level  for  P(Z3|S3).    Through  examination 
of  this  figure,  one  notices  an  asymmetry  between  the  areas  for  Zj  and  Z5 
which  are  both  two  standard  deviations  from  Z5.    In  defining  the  condi- 
tional probability  for  Z^,  a  complication  arises  since  has  not  been 
defined.    To  remedy  this  problem,  it  is  assumed  that  Z^  incorporates  all 
of  Z^-k.    For  this  case  then,  the  value  of  P(Zi|S3)  is  equal  to  .0866 
(.0662  +  .0171  +  .003  +  .0003).    This  same  problem  arises  for  Zg  in  sev- 
eral cases,  and  is  dealt  with  in  the  same  manner. 

The  values  of  the  conditional  probabilities  were  determined  using 
the  standard  normal  distribution.    As  described  in  Section  3.2.5,  the 
sum  of  four  consecutive  P(Z]^|S-[)  will  be  equal  to  the  precision  level  of 
a  monitoring  network  for  a  given  state  i.    The  values  which  define  the 
areas  under  the  normal  curve  for  each  conditional  probability  are  as  fol- 
lows:   for  the  90  percent  precision  level,  z  =  .68  gave  the  area  for  Z]^, 
k=i,  and  z  =  1.36  gave  the  area  for  Z]^+x>         ^  ^  2.04  gave  the  area  for 
Zk+2,  etc.;  for  the  85  percent  precision  level,  z  =  .6  gave  the  area  for 
Z]^y  k=i,  z  =  1.2  gave  the  area  for  Z]^+]^,  etc.;  for  the  80  percent  preci- 
sion level,  z  =  .52  gave  the  area  for  Zy,  for  the  70  percent  precision 
level,  z  =  .44  gave  the  area  for  Zj^;  for  the  60  percent  precision  level, 
z  =  .34  gave  the  area  for  Zj^. 

The  five  matrices  of  conditional  probabilities  are  presented  in 
Tables  13  through  17  below. 
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Table  13 

Conditional  Probabilities  (P(Z^|S^))  for  U  =  .90 
State  of  Sample  Estimate  Z, 

Nature   ^  

S-_  Z2         Z3         Z4         Z^         Z^         Z^         Zg  Zg 


S^  .7518  .1613  .0662  .0171  .003  .0003       0  0  0 

82  .2479  .5036  .1613  .0662  .0171  .003  .0003       0  0 

.0866  .1613  .5036  .1613  .0662  .0171  .003  .0003  0 

84  .0204  .0662  .1613  .5036  .1613  .0662  .0171  .003  .0003 

8^  .0033  .0171  .0662  .1613  .5036  .1613  .0662  .0171  .0033 

8^  .0003  .003  .0171  .0662  .1613  .5036  .1613  .0662  .0204 

Sj  0  .0003  .003  .0171  .0662  .1613  .5036  .1613  .0866 

8g  0  0  .0003  .003  .0171  .0662  .1613  .5036  .2479 

8n  0  0  0  .0003  .003  .0171  .0662  .1613  .7518 


Table  14 

Conditional  Probabilities  (P(Zj^|S^))  for  U  =  .85 

State  of                                     Sample  Estimate  Z, 
Nature  

S.  1^         Z2         Z^         Z4         Z^         Z^  Zg  Zg 


8^  .7258  .1591  .0792  .0277  .0069  .0011  .0002       0  0 

82  .2742  .4516  .1591  .0792  .0277  .0069  .0011  .0002  0 

8^  .1151  .1591  .4516  .1591  .0792  .0277  .0069  .0011  .0002 

S^  .0359  .0792  .1591  .4516  .1591  .0792  .0277  .0069  .0013 

Sg  .0082  .0277  .0792  .1591  .4516  .1591  .0792  .0277  .0082 

S.  .0013  .0069  .0277  .0792  .1591  .4516  .1591  .0792  .0359 
6 

S^  .0002  .0011  .0069  .0277  .0792  .1591  .4516  .1591  .1151 

Sg  0  .0002  .0011  .0069  .0277  .0792  .1591  .4516  .2742 

Sg  0  0  .0002  .0011  .0069  .0277  .0792  .1591  .7258 
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Table  15 

Conditional  Probabilities  (P(Zj^|S.))  for  U  =  .80 


State  of                                     Sample  Estimate 
Nature   

h         ^2         ^3         ^4         ^5         ^6         ^7         ^8  ^9 


^1 

.6985 

.  1523 

.  0898 

.  0406 

.  0141 

.  0038 

.0008 

.  0001 

0 

^2 

.3014 

.3970 

.1523 

.0898 

.0406 

.0141 

.0038 

.0008 

.0001 

S3 

.1491 

.1523 

.3970 

.1523 

.0898 

.0406 

.0141 

.0038 

.0008 

.0593 

.0898 

.1523 

.3970 

.1523 

.0898 

.0406 

.0141 

.0046 

S5 

.0187 

.0406 

.0898 

.1523 

.3970 

.1523 

.0898 

.0406 

.0187 

^6 

.0046 

.0141 

.0406 

.0898 

.1523 

.3970 

.1523 

.0898 

.0593 

S7 

.0008 

.0038 

.0141 

.0406 

.0898 

.1523 

.3970 

.1523 

.1491 

^8 

.0001 

.0008 

.0038 

.0141 

.0406 

.0898 

.1523 

.3970 

.3014 

0 

.0001 

.0008 

.0038 

.0141 

.0406 

.0898 

.1523 

.6985 

Table  16 

Conditional  Probabilities  (P(Z-|^|S^))  for  U  =  .70 


State  of  Sample  Estimate 

Nature 


s. 

1 

h 

h 

h 

h 

^5 

h 

h 

^8 

^1 

.6664 

.1387 

.0964 

.0558 

.0269 

.0109 

.0036 

.001 

.0003 

^2 

.3336 

.3328 

.1387 

.0964 

.0558 

.0269 

.0109 

.0036 

.0013 

^3 

.1949 

.1387 

.3328 

.1387 

.0964 

.0558 

.0269 

.0109 

.0049 

^4 

.0985 

.0964 

.1387 

.3328 

.1387 

.0964 

.0558 

.0269 

.0158 

^5 

.0427 

.0558 

.0964 

.1387 

.3328 

.1387 

.0964 

.0558 

.0427 

^6 

.0158 

.0269 

.0558 

.0964 

.1387 

.3328 

.1387 

.0964 

.0985 

^7 

.0049 

.0109 

.0269 

.0558 

.0964 

.1387 

.3328 

.1387 

.1949 

.0013 

.0036 

.0109 

.0269 

.0558 

.0964 

.1387 

.3328 

.3336 

.0003 

.001 

.0036 

.0109' 

.0269 

.0558 

.0964 

.1387 

.6664 
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Table  17 

Conditional  Probabilities  (P(Zj^|S^))  for  U  =  .60 


State  o£  Sample  Estimate 

Nature 


s 

7 

^1 

7 

^2 

7 

^3 

7 

^4 

7 

^5 

7 

^6 

7 

7 

^8 

7 

^9 

s 

^1 

.633 

.1187 

.0943 

.067 

.0423 

.0239 

.012 

.0054 

.0032 

.3668 

.  2662 

.1187 

.0943 

.067 

.0423 

.0239 

.012 

.0086 

5 

.2481 

.1187 

.2662 

.1187 

.0943 

.067 

.0423 

.0239 

.0206 

.1538 

.0943 

.1187 

.2662 

.1187 

.0943 

.067 

.0423 

.0445 

.0868 

.067 

.0943 

.1187 

.2662 

.1187 

.0943 

.067 

.0868 

.0445 

.0423 

.067 

.0943 

.1187 

.2662 

.1187 

.0943 

.1538 

.0206 

.0239 

.0423 

.067 

.0943 

.1187 

.2662 

.1187 

.2481 

.0086 

.012 

.0239 

.0423 

.067 

.0943 

.1187 

.2662 

.3668 

.0032 

.0054 

.012 

.0239 

.0423 

.067 

.0943 

.1187 

.633 
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